Purdue University

Purdue e-Pubs
Open Access Dissertations

Theses and Dissertations

8-2018

Diverse Reactivity of Bimetallic Nickel Imido Complexes
Supported by a Redox-Active Ligand
Ian G. Powers
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_dissertations

Recommended Citation
Powers, Ian G., "Diverse Reactivity of Bimetallic Nickel Imido Complexes Supported by a Redox-Active
Ligand" (2018). Open Access Dissertations. 2050.
https://docs.lib.purdue.edu/open_access_dissertations/2050

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries.
Please contact epubs@purdue.edu for additional information.

DIVERSE REACTIVITY OF BIMETALLIC NICKEL IMIDO
COMPLEXES SUPPORTED BY A REDOX-ACTIVE LIGAND
by
Ian G. Powers

A Dissertation
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Doctor of Philosophy

Department of Chemistry
West Lafayette, Indiana
August 2018

ii

THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Prof. Christopher Uyeda, Chair
Department of Chemistry
Prof. Suzanne Bart
Department of Chemistry
Prof. Tong Ren
Department of Chemistry
Prof. Corey Thompson
Department of Chemistry

Approved by:
Dr. Christine Hrycyna
Head of the Graduate Program

iii

つま

妻のサラへ。

きみ

あい

君の愛、
きみ

こころ

君の 心 も
ありがとう。

To my wife, Sara.

For your love,
and for all of your heart,
thank you.

iv

TABLE OF CONTENTS

LIST OF TABLES ........................................................................................................................ vii
LIST OF FIGURES ..................................................................................................................... viii
ABSTRACT .................................................................................................................................. xii
METAL–METAL BONDS IN CATALYSIS ...................................................... 1
1.1 Abstract ............................................................................................................................... 1
1.2 Introduction ......................................................................................................................... 1
1.3 Coordination Compounds Containing Metal–Metal Bonds ............................................... 3
1.4 Metal–Metal Bonds in Biology........................................................................................... 6
1.5 Elementary Redox Processes Involving Metal–Metal Bonds ............................................. 7
1.5.1 Oxidative reactions involving cleavage of a metal–metal -bond .............................. 8
1.5.2 Oxidative Reactions Involving Formation of a Metal–Metal -Bond ...................... 12
1.5.3 Redox Reactions Involving a Metal–Metal Multiple Bond ....................................... 12
1.5.4 Redox Reactions at Metal–Metal Bonds Involving Ligand-Centered Redox
Activity .................................................................................................................................. 14
1.6 Metal–Metal Bonds in Precatalysts and Off-Cycle Catalyst Resting States..................... 15
1.6.1 Pd(I) Dimers as Precatalysts for Cross-Coupling Reactions ..................................... 16
1.6.2 Pd(I) Dimers as Off-Cycle Resting States in Cross-Coupling Reactions .................. 19
1.6.3 Dimeric Cu Nitrene Complexes in C–H Amination Reactions ................................. 20
1.7 Metal–Metal Bonds in Transient Catalytic Intermediates ................................................ 23
1.6.4 Palladium Dimers in Cross-Coupling ........................................................................ 24
1.6.5 Pd(III) Dimers in C–H Functionalization .................................................................. 25
1.6.6 Rh Dimers In Alkene Hydroformylation ................................................................... 28
1.6.7 Cu–Fe Catalysts for C–H Borylation ......................................................................... 30
1.8 Intact Dinuclear Catalysts Containing Metal–Metal Bonds ............................................. 31
1.7.1 Dirhodium-Catalyzed Carbene Transfer Reactions ................................................... 32
1.7.2 Dirhodium-Catalyzed Nitrene Transfer Reactions .................................................... 36
1.7.3 Propargylic Substitution Reactions via Ru2 Allenylidene Intermediates .................. 38
1.7.4 Early/late Heterobimetallic Catalysts for Alkene Hydrogenation ............................. 39
1.7.5 Pt/Ti Heterobimetallic Catalysts for Allylic Substitution .......................................... 41
1.7.6 Metal–Lewis Acid Dative Interactions in Ni Catalyzed Hydrogenation ................... 43

v
1.7.7 A Zr/Co Catalyst for Hydrosilylation ........................................................................ 44
1.7.8 Alkyne Cyclotrimerizations Catalyzed by Co2(CO)8 ................................................ 46
1.7.9 Evaluating Nuclearity Effects in Alkyne Cyclotrimerizations .................................. 47
1.7.10

Dinuclear Silane Activation and Catalytic Hydrosilylations .................................. 50

1.7.11

Catalytic Alkyne Cyclotrimerization at a Metal–Metal Multiple Bond .................. 51

1.9 Conclusions ....................................................................................................................... 52
1.10

Acknowledgement .......................................................................................................... 53

1.11

References ...................................................................................................................... 53

CATALYTIC AZOARENE SYNTHESIS FORM ARYL AZIDES ENABLED
BY A DINUCLEAR NICKEL COMPLEX ................................................................................. 61
2.1 Abstract ............................................................................................................................. 61
2.2 Introduction ....................................................................................................................... 61
2.3 A Comparison of Mononuclear and Dinuclear Ni Catalysts for Aryl Nitrene
Dimerization .............................................................................................................................. 63
2.4 Substrate Scope for the Ni2-Catalyzed Nitrene Dimerization........................................... 67
2.5 Applications to the Synthesis of Azoarene Polymers ....................................................... 68
2.6 Synthesis and Stoichiometric N=N Coupling Reactivity of a Ni2(μ-NAr) Complex ....... 69
2.7 Characterization of a Ni2(μ-N2Ar2) Complex and Implications for Product Inhibition. .. 73
2.8 Computational Studies of an N=N Coupling Pathway from a Ni2(μ-NAr)2 Intermediate 75
2.9 Catalyst Resting State, Kinetics, and Thermodynamics of Ligand Substitution .............. 77
2.10

Conclusions .................................................................................................................... 79

2.11

Acknowledgements ........................................................................................................ 80

2.12

References ...................................................................................................................... 80

A 1,2-ADDITION PATHWAY FOR C(SP2)–H ACTIVATION AT A
DINICKEL IMIDE ....................................................................................................................... 84
3.1 Abstract ............................................................................................................................. 84
3.2 Introduction ....................................................................................................................... 84
3.3 Synthesis and Characterization of a µ-NAr Imido Complex ............................................ 85
3.4 An Intramolecular 1,2-Addition Mechanism for C(sp2)–H Activation ............................ 87
3.5 Conclusion ........................................................................................................................ 91
3.6 Acknowledgement ............................................................................................................ 92
3.7 References ......................................................................................................................... 92

vi
APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2 ........................................ 94
APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 3 ..................................... 183
VITA ........................................................................................................................................... 227
PUBLICATIONS ........................................................................................................................ 228

vii

LIST OF TABLES

Table 2.1 Catalyst Comparison Studies. Conversions of 2 and yields of 3 were determined
by 1H NMR integration against an internal standard. b5 mol% Ni(COD)2 and 28 mol%
PPh3. c5 mol% Ni(COD)2 and 14 mol% IPr. d0.5 mol% catalyst 1. ............................. 65
Table 2.2 Substrate Scope for the Catalytic N=N Coupling Reaction. Standard reaction
conditions: 22 °C for 2 h, 5 mol% of 1. Isolated yields were determined following
purification and are averaged over two runs. See Supporting Information for
experimental details. bModifications from standard reaction conditions: 80 °C.
c
Modifications from
standard reaction conditions: 100 °C for 4 h. dModifications
from standard reaction conditions: 10 mol% of 1. eNMR yield. ...................................... 66

viii

LIST OF FIGURES

Figure 1.1 Additional parameter space in catalyst design introduced by metal–metal bonding. .. 3
Figure 1.2 A qualitative orbital model for the quadruple bond in [Re2Cl8]2–.17 ............................ 4
Figure 1.3 (a) Complexes containing covalent metal–metal bonds organized according to
polarity and bond order.19a,22 (b) Complexes containing weak metal–metal interactions
(bond orders <1): dative bonds and closed shell metallophilic interactions.23 ................... 5
Figure 1.4 The proposed role of metal–metal bonding in the mechanism of proton reduction by
[NiFe]-hydrogenases. .......................................................................................................... 6
Figure 1.5 A schematic representation of two-electron oxidative addition reactions at metal–
metal bonds. The fragments being added are shown in red, and redox changes are
denoted in blue. ................................................................................................................... 8
Figure 1.6 Dinuclear oxidative addition reactions at metal–metal σ-bonds. (a) Oxidative
additions at Pd(I)–Pd(I) dimers.32 (b) Oxidative addition of H2 at a Rh(II)–Rh(II)
dimer.34 (c) Proposed mechanisms for dinuclear oxidative addition reactions. ................. 9
Figure 1.7 Dinuclear oxidative addition and substrate coordination reactions at early/late
metal–metal σ-bonds.38 ..................................................................................................... 10
Figure 1.8 Dinuclear oxidative addition of organic electrophiles at an unsupported polar metal–
metal bond.40 ..................................................................................................................... 11
Figure 1.9 Dinuclear oxidative addition reactions that form a metal–metal σ-bonds.................. 12
Figure 1.10 Oxidative addition reactions at metal–metal multiple bonds.43................................ 13
Figure 1.11 Oxidative addition reactions of organic halides and ketones at early/late
metal–metal multiple bonds.46-47....................................................................................... 14
Figure 1.12 Oxidative addition and oxidative coupling reactions at a Ni(I)–Ni(I) bond
involving ligand-centered redox activity.48-49 ................................................................... 15
Figure 1.13 A generic catalytic cycle involving mononuclear catalytic intermediates with offcycle dinuclear species. ..................................................................................................... 16
Figure 1.14 (a) The role of Pd(I) dimers as precatalysts for cross-coupling reactions.52 (b)
Examples of Pd(I)–Pd(I) complexes that have been investigated as precatalysts in C–C
and C–N cross-coupling.53 ................................................................................................ 17
Figure 1.15 Proposed activation mechanisms for Pd(I) dimer precatalysts, forming
mononuclear Pd(0) species. .............................................................................................. 18
Figure 1.16 (a) A model Suzuki–Miyaura coupling using Pd(I)–Pd(I) μ-allyl and μ-cinnamyl
precatalysts. (b) Dimer formation is favored for less sterically hindered allyl
substituents.59 .................................................................................................................... 20
Figure 1.17 (a) A seminal example of a Cu-catalyzed alkene aziridination reaction.61 (b)
Enantioselective alkene aziridinations using chiral Cu complexes.62 (c) Cu catalyzed
C–H aminations.63 ............................................................................................................. 21

ix
Figure 1.18 (a) Dicopper μ-nitrenes as off-cycle resting states in Cu-catalyzed C–H amination
reactions.64 (b) Monoiron and diiron nitrenes relevant to C–H amination reactions.65 .... 22
Figure 1.19 (a) Catalytic I/Br exchange using a dimeric Pd(I) catalyst. Proposed reaction
pathway involving intact dinuclear intermediates.14 (b) Catalytic trifluorothiolation and
trifluoroselenation reactions using a dimeric Pd(I) catalyst.66 .......................................... 24
Figure 1.20 (a) Catalytic, directed C–H acetoxylation reactions.69 (b) A proposed mechanism
for Pd-catalyzed C–H functionalizations invoking a high-valent Pd intermediate.
(c) C–H functionalization pathway involving mononuclear Pd(IV) species.70 (d) C–H
functionalization pathway involving dinuclear Pd(III) species.14..................................... 26
Figure 1.21 (a) Electrochemical oxidation of a Pd(II) dimer is facilitated by proximity of the
two Pd centers.73 (b) A C–Cl reductive elimination pathway with an intact Pd–Pd
interaction.72b .................................................................................................................... 27
Figure 1.22 (a) A highly active and selective dirhodium hydroformylation catalyst and a
comparison of ligand diastereomers. (b) An abbreviated mechanistic proposal invoking
closed dimeric complexes and a Rh(I)–Rh(I)/Rh(II)–Rh(II) catalytic cycle. ................... 29
Figure 1.23 (a) Stoichiometric borylation of benzene using an Fe(boryl) complex.77
(b) Catalytic C–H borylation enabled by a heterodinuclear Fe/Cu catalyst.78 .................. 30
Figure 1.24 Generic dinuclear redox processes in which bond activation occurs at a single
transition metal or across a metal–metal bond. ................................................................. 31
Figure 1.25 (a) Cyclopropanation and C–H insertion reactions catalyzed by Rh2(OAc)4.
(b) The role of a three-center four-electron π-bond in generating a highly electrophilic
carbene intermediate.81 ..................................................................................................... 33
Figure 1.26 A comparison of Rh2 (45) and Rh/Bi (46) catalysts for styrene
cyclopropanation.83 ........................................................................................................... 34
Figure 1.27 Characterization data for Rh2 complexes bearing donor–acceptor carbenes.84 ........ 34
Figure 1.28 (a) Proposed mechanisms for nitrene insertion through a redox neutral cycle or a
mixed-valence Rh2(II,III) intermediate. (b) Mechanistic studies consistent with a
concerted insertion pathway for the Rh2 nitrene intermediate.85 (c) Modifications to the
ligand structure probing the role of the mixed-valence Rh2(II,III) intermediate.86 .......... 35
Figure 1.29 (a) Catalytic propargylic substitution reactions via Ru2 allenylidene
intermediates.91 (b) Catalytic asymmetric variants using a chiral Ru2 catalyst.106 ........... 38
Figure 1.30 (a) Comparative rates of ethylene hydrogenation using a Ta/Ir catalyst and a
monometallic Ir catalyst.95 (b) Proposed mechanism of hydrogenation illustrating the
role of reversible hydrogenation of the Ir–C bond.96 ........................................................ 40
Figure 1.31 A Ti/Pd catalyst for allylic substitution with secondary amines. Calculated
transition state energies for C–N bond formation showing a dependence on the
presence of Ti and the Pd–Ti distance.97-98 ....................................................................... 42
Figure 1.32 Effect of an apical metallaligand on the Ni-catalyzed hydrogenation of styrene.100 43
Figure 1.33 A Zr/Co catalyst for ketone hydrosilylation proceeding through a Zr-bound ketyl
radical intermediate.101...................................................................................................... 44

x
Figure 1.34 Proposed mechanism for the cyclotrimerization of alkynes by Co2(CO)8 involving
dinuclear catalytic intermediates....................................................................................... 45
Figure 1.35 A comparison of the Ni2 catalyst 18 and mononickel catalysts (75–78) in the
cyclotrimerization of methyl propargyl ether.108 .............................................................. 48
Figure 1.36 Characterization of key intermediates in the Ni2-catalyzed alkyne
cyclotrimerization. ............................................................................................................ 48
Figure 1.37 (a) Catalytic hydrosilylations catalyzed by a dinuclear Ni2 complex. (b)
Characterization of a dinuclear silane adduct. (c) Five-center four-electron interaction
in the Ni2(R2SiH2) complex.109 ......................................................................................... 50
Figure 1.38 Catalytic cyclotrimerization of 1-pentyne and stoichiometric additions of alkynes to
a Mo–Mo quintuple bond.111............................................................................................. 52
Figure 2.1 (a) Design challenges associated with transition metal-catalyzed nitrene
dimerization reactions. (b) The identification of a dinuclear Ni catalyst for the
conversion of aryl azides to azoarenes.............................................................................. 62
Figure 2.2 (a) Synthesis and (b) solid-state structure of 7. Ni1–N1: 1.893(3) Å; Ni1–N2:
1.889(2) Å; N1–N2: 1.403(3) Å. ...................................................................................... 67
Figure 2.3 Polymerization of 31 using catalyst 1. ...................................................................... 69
Figure 2.4 (a) Synthesis and (b) solid-state structure of 33. Ni1–Ni2: 2.3356(7) Å; Ni1–N1:
1.777(3) Å; Ni1–N2: 1.775(3) Å. (c) Stoichiometric reactions of 33 with aryl azides. ... 70
Figure 2.5 (a) Qualitative orbital interaction diagram highlighting three-centered π-bonding in
the Ni2(μ-NAr) fragment of 33. Molecular orbitals are shown for the S = 0 state. The
labelled HOMO and LUMO for the S = 0 state correspond to the two SOMOs in the S = 1
state. (b) Mulliken spin density plot for 33 in the S = 1 state (BP86/6-31G(d,p)). ........... 71
Figure 2.6 (a) Synthesis and (b) solid-state structure of 36. Ni1–Ni2: 2.3751(7) Å; Ni1–N1:
1.815(2) Å; Ni1–N2: 1.814(2) Å; N1–N2: 1.378(3) Å. .................................................... 73
Figure 2.7 A comparison of qualitative orbital interaction diagrams highlighting two-electron
interactions between the Ar2N2 and Nix fragments for (a) the dinuclear Ni2(μ-N2Ar2)
complex 36 and (b) the mononuclear Ni(N2Ar2) complex 7. ........................................... 74
Figure 2.8 (a) Calculated mechanism for N=N Bond-formation from a putative bis(imido)
intermediate (A) to generate the [NDI]Ni2(Ar2N2) complex C. Structures were
modeled for Ar = Ph. Energies are relative to the A in the singlet state. (b) 1H NMR
spectra for the [i-PrNDI]Ni2(Ar2N2) complex: Ar = 4-tolyl (top, black); Ar = 2,6diisopropylphenyl (bottom, red). Signals corresponding to the naphthyridine doublets
of the NDI ligand are indicated by asterisks. .................................................................... 76
Figure 2.9 Proposed mechanism for the catalytic N=N coupling reaction. ................................. 78
Figure 2.10 (a) Calculated energetics of C6H6/Ph2N2 ligand substitution on the [NDI]Ni2
platform. (b) Ligand substitution using azomesitylene in the dark and under
illumination in a photobox (254 nm light source). ........................................................... 79

xi
Figure 3.1 (a) Synthesis and (b) solid-state structure of [i-PrNDI]Ni2(NAr) (2, Ar = 2,6(Ph)2C6H3-). Ni1–Ni2: 2.3415(9) Å (c) Variable temperature 1H NMR chemical shift
data for 2 over a temperature range of 190–370 K with thermodynamic parameters for
the spin equilibrium. ......................................................................................................... 86
Figure 3.2 (a) Select Kohn-Sham orbitals for 2 highlighting interactions relevant to bonding in
the Ni2(µ-NR) fragment. (b) A spin-density plot for the S = 1 spin state of 2.................. 87
Figure 3.3 (a) An isonitrile-induced 1,2-addition of a C–H bond from 2. (b) Solid-state
structure of 3. (c) Variable temperature 1H NMR chemical shift data for 3 over a
temperature range of 190–370 K with thermodynamic parameters for the spin
equilibrium. (d) Kinetic isotope effects measurement for the C–H activation using the
H/D-competition substrate 2-d5. ....................................................................................... 88
Figure 3.4 (a) Solid-state structure of 4 (Ni1–Ni2: 2.8201(5) Å). (b) Nitrene transfer reactivity
with t-BuNC to form the carbodiimide product 5. ............................................................ 89
Figure 3.5 Calculated reaction coordinate for the C–H activation reaction. Free energies
(ΔG) on the singlet surface are shown in kJ/mol (ΔG values on the triplet surface are
in square brackets). All ΔG values are relative to the energy of A in the singlet state.
The i-Pr groups on the NDI ligand and the t-Bu group on the isonitrile were truncated
to methyl groups. .............................................................................................................. 90
Figure 3.6 Thermal and t-BuNC-induced reductive elimination reactions to generate carbazole
and phenanthridine products. ............................................................................................ 91

xii

ABSTRACT

Author: Powers, Ian, G. PhD
Institution: Purdue University
Degree Received: August 2018
Title: Diverse Reactivity of Bimetallic Nickel Imido Complexes Supported by a Redox-Active
Ligand.
Committee Chair: Christopher Uyeda
Imido complexes are a class of organometallic compounds composed of a metal bonded
with a divalent nitrogen ligand. Monometallic imido complexes have been shown to engage in a
variety of chemical transformations such as two-electron group transfer reactions to form N–
heteroatom bonds and can insert into C–H bonds to yield C–H amination products. They have also
been demonstrated to undergo single-electron processes such as H-atom abstraction to form amido
complexes.
In contrast to monometallic imido species, the chemistry of bimetallic bridging imido
complexes is much less understood. Although bridging dinuclear imido complexes have been
isolated, the reported reactivity of these species is limited compared to their monometallic
counterparts. While group transfer reactions have been demonstrated for some of these complexes,
the majority are considered to be unreactive, and catalytic reactions with bridging dinuclear imido
complexes are virtually unknown.
In this work we demonstrate that bridging imido complexes can exhibit chemistry that is
just as rich as, and in many cases orthogonal to, that of monometallic imidos. The content of this
thesis will begin with a discussion of metal–metal bonds in catalytic reactions then focus
specifically on reactions of bridging dinickel imido species. Herein we show that dinuclear nickel
imido complexes containing a redox-active ligand can undergo catalytic group transfer reactions
to aromatic azides, leading to their dimerization via N=N coupling and providing valuable
azoarene compounds in high yield. In addition to this reactivity, we also demonstrate that dinuclear
imido complexes can lead to novel reaction pathways, and we identify an unprecedented 1,2addition mechanism for aromatic C(sp2)–H bond activation leading to the formation of C–H
amination products. As a whole, these studies indicate that bimetallic imido species offer access
to a diverse range of reactivity with promising implications for the development of new catalytic
reactions.

1

METAL–METAL BONDS IN CATALYSIS

1.1

Abstract
Transition metals can assemble to form multinuclear complexes by engaging in direct

metal-to-metal interactions. Metal–metal covalent bonds provide a large perturbation in
electronic structure relative to mononuclear metal ions, and the unique properties of these
dinuclear fragments can be harnessed in a broad range of applications—for example, as
chromophores in photochemical processes, redox centers in molecular electronics, or structural
elements in metal–organic materials. There is a growing body of evidence that metal–metal
bonds may also be formed under conditions relevant to catalysis and play a key role in
transformations that were previously assumed to only involve mononuclear species. These
findings have stimulated interest in characterizing multinuclear reaction pathways and
developing well-defined multinuclear platforms as catalytic active sites. In this Perspective, we
present case studies in this emerging area of catalysis research, emphasizing the impact of metal–
metal bonding in either enhancing or depressing the rate and/or selectivity of a catalytic organic
transformation.

1.2

Introduction
Transition metal catalysis has reshaped the landscape of organic synthesis, providing

access to powerful bond constructions that facilitate the preparation of valuable compounds.1 It is
now common to find transition metal catalyzed reactions designed into synthetic routes targeting
the most complex secondary metabolites produced in nature.2 Additionally, robust catalytic
coupling reactions are routinely being applied in the pharmaceutical industry to generate libraries
of lead compounds for drug discovery.3 These applications, and many others, capitalize on
ongoing efforts by organometallic chemists to advance new catalytic platforms that offer
significant improvements to established reactions or exhibit unprecedented reactivity.
Many of the earliest homogeneous transition metal catalysts were relatively simple
coordination complexes, often comprising a single metal center bound only to the organic
components being incorporated into the reaction product. For example, Co(CO)3H was
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introduced by Roelen in 1938 as the first catalyst for alkene hydroformylation.4 Additionally,
homoleptic Ni(C2H2)n species are the proposed catalytic intermediates in Reppe’s seminal
acetylene cyclotetramerization system.5 Supporting ligands have since been established as a
defining feature of transition metal catalysts, providing access to additional parameters that can
be used to optimize the rate and selectivity of a reaction.6
Over a significantly longer timescale, catalysts in nature have also evolved to use
transition metals. Despite the analogy between transformations carried out by synthetic and
biological catalysts, the multifunctional architectures of metalloenzyme active sites present a
striking contrast to the comparatively simple structures favored by synthetic chemists. Inorganic
cofactors commonly incorporate multiple metals that function in concert to bind substrates and
manage electron equivalents.7 Biological ligands can be redox-active and tend to enforce weakfield environments, allowing catalysts to adopt high spin states or even simultaneously populate
multiple spin states.8 Secondary coordination sphere interactions, such as hydrogen-bonding,
play a key role in stabilizing substrate–catalyst complexes.9 Insights into these bioinorganic
systems have motivated a corresponding effort among organometallic chemists to incorporate
these multifunctional features into fully synthetic systems.10
In this Perspective, we discuss historical and recent cases where dinuclear complexes
featuring direct metal–metal interactions are implicated in a catalytic process. Metal–metal bonds
have been a subject of significant research interest over the past half century;11 however, reports
describing their applications in catalysis are relatively sparse.12,13 Nevertheless, many of the
metal–ligand combinations used in catalytic reactions can support the spontaneous formation of
dimeric, or higher order, complexes. Indeed, metal–metal bonded species have recently been
isolated from catalytic reactions that were previously assumed to only involve mononuclear
complexes. For example, mechanistic studies of Pd-catalyzed cross-coupling and C–H
functionalization reactions have uncovered Pd(I)14 and Pd(III)15 dimers as viable catalytic
intermediates.
In tandem with these studies, new multinucleating ligands have enabled unparalleled
synthetic access to a broad range of stable metal–metal bonds that can be crystallographically
characterized and studied spectroscopically. The emergence of these platforms presents unique
opportunities for rationally advancing new classes of catalysts that exhibit fundamentally
different behavior from the mononuclear systems that are currently being utilized in reaction
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methodology (Figure 1). In this Perspective we highlight cases where metal–metal bonds are
thought to be involved in a catalytic organic transformation, placing particular emphasis on
systems with substantial mechanistic data that correlate the presence of the metal–metal bond
with catalytic function.

Figure 1.1 Additional parameter space in catalyst design introduced by metal–metal bonding.

1.3

Coordination Compounds Containing Metal–Metal Bonds
The privileged role of transition metals in catalysis can be attributed to their ability to use

d-orbitals to form stable covalent bonds with reactive organic fragments. The same electronic
properties that underlie metal–ligand bonding also enable the formation of direct metal-to-metal
interactions.12d Indeed, while any of the metallic elements could, in principle, participate in
metal–metal bonding, a significant majority of all known cases involve two transition metals.
The synthesis and characterization of Re2Cl82– (15) represented a landmark achievement
in the field of inorganic chemistry, stimulating extensive research aimed at understanding the
nature of the metal–metal bond.11a,16 In many early case studies of metal–metal bonding, the
presence of bridging ligands created considerable ambiguity with regard to distinguishing
between true metal–metal interactions and ligand-enforced proximity. The Re–Re bond in
Re2Cl82– was particularly significant because it was both unsupported and exceedingly short. In
order to rationalize the Re–Re bond length and the eclipsing conformation of the chloride
ligands, Cotton developed a bonding model that invoked a metal–metal quadruple bond (Figure
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2). The involvement of δ-interactions in metal–metal multiple bonds is a unique property of
transition metals with no analogue in main group elements.17

Figure 1.2 A qualitative orbital model for the quadruple bond in [Re2Cl8]2–.17

An expansive literature surrounding the synthesis and characterization of different metal–
metal bonding motifs has since been developed.12d There are now over 40,000 examples of
multinuclear complexes featuring close metal–metal contacts compiled in the Cambridge
Structural Database.18 Metal–metal bonds can span a broad spectrum of polarities and bond
orders (Figure 3a). Symmetrical homodinuclear complexes necessarily contain non-polar metal–
metal bonds, whereas heterobimetallic complexes, pairing early metal ions with low-valent late
metals, possess strongly polarized bonds.12a Metals can form short and strong multiple bonds.11b
Synthetic access to quintuple bonds in Cr(I) dimers was a particularly striking recent
achievement,19 and bond lengths as short as 1.73 Å have now been recorded.20 At the opposite
extreme, metals can interact through weak non-covalent interactions. For example, closed-shell
Au(I) centers form metallophilic interactions comparable in strength to hydrogen bonds (Figure
9b).21
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Figure 1.3 (a) Complexes containing covalent metal–metal bonds organized according to
polarity and bond order.19a,22 (b) Complexes containing weak metal–metal interactions (bond
orders <1): dative bonds and closed shell metallophilic interactions.23

Elucidating the involvement of metal–metal bonds in catalysis presents a number of
challenges. Metal–metal bonding often competes with metal–ligand bonding such that under
catalytic conditions mononuclear and dinuclear species may coexist and rapidly interconvert. In
these cases, the identification of a dinuclear complex during catalysis is insufficient to establish
its catalytic relevance. Furthermore, many of the systems that have permitted metal–metal bonds
to be stabilized employ sterically encumbering ligands that are poorly suited to applications in
catalysis. Only a subset of known dinuclear systems allow organic substrates to access the apical
position of the metal–metal bond, and fewer still permit substrates to bind across the two metals.
In light of these issues, there remain substantial opportunities for the design of low-coordinate
systems that balance the stability of the dinuclear fragment with reactivity toward external
substrates.
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1.4

Metal–Metal Bonds in Biology
Multinuclear metallacofactors commonly serve as active sites for redox transformations in

biology.7 Many of these cofactors contain metals that are electronically coupled through bridging
ligands such as thiolates, carboxylates, sulfides, or hydroxides. Direct metal-to-metal interactions
are relatively uncommon phenomena in biology;24 nevertheless, the few examples that have been
experimentally characterized suggest that metal–metal bonds may play an important catalytic
function by allowing low-valent catalyst states to be stabilized. This feature is particularly salient
to enzymes, because the weak-field environments presented by biological ligands are often less
suited to supporting low oxidation states than the strong-field phosphine or NHC donors that are
commonly employed in synthetic catalysts.

Figure 1.4 The proposed role of metal–metal bonding in the mechanism of proton reduction by
[NiFe]-hydrogenases.

The two most well-characterized examples of metal–metal bonds in biology are
associated with hydrogenase enzymes.25 The [NiFe] hydrogenase catalyzes the reversible
reduction of gaseous H2 as a mechanism for storing energy (Figure 4). While various aspects of
the catalytic mechanism remain an active area of investigation, spectroscopic studies are
consistent with Ni undergoing redox changes during catalysis while Fe remains in a low-spin
Fe(II) state. When isolated under aerobic conditions, the [NiFe] hydrogenase cofactor is
paramagnetic and features a relatively long Ni–Fe distance (approximately 2.9 Å) with an
intervening bridging ligand such as hydroxide.26 Upon reductive activation, the bridging ligand is
protonolyzed, and the Ni–Fe distance contracts to 2.5 Å, indicative of a metal–metal bonding
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interaction.27 The Ni–Fe bond functions as an electron pair that undergoes reversible protonation
to generate a Ni–H–Fe species. In this way, the formation of a metal–metal bond can be viewed
as a mechanism by which the cofactor thermodynamically compensates for the loss of a bridging
hydride ligand, stabilizing vacant states in the course of catalysis.28 In synthetic catalysts, a
weakly coordinating neutral ligand, such as a solvent molecule, might play a similar role,
occupying a coordination site prior to substrate binding. More recently, it has been suggested that
metal–metal bonds may also be present in reduced cofactors of other enzymes including CO
dehydrogenase29 and acetyl–CoA synthase.24,30

1.5

Elementary Redox Processes Involving Metal–Metal Bonds
A characteristic feature of transition metal catalysts is their ability to engage in facile and

reversible redox processes. By combining a relatively small number of elementary steps (eg.
oxidative addition/reductive elimination and oxidative coupling/reductive fragmentation), a
broad range of distinct transformations are possible. Dinuclear variants of these reactivity
patterns are available to complexes containing metal–metal bonds. For example, low-valent
metal–metal single bonds can serve as two-electron reductants, undergoing oxidative addition to
form mononuclear products. The inverse has also been observed, wherein two mononuclear
species undergo a dinuclear oxidative addition, forming a metal–metal σ-bond. The π- and δbonding combinations in metal–metal multiple bonds can also function as electron-pairs. Upon
oxidative addition, the metal–metal interaction is retained but undergoes a change in bond order.
Finally, reactions at metal–metal bonds can also be coupled to redox changes at a supporting
ligand such that the electronic structure of the metal–metal bond itself remains largely
unperturbed. As an introduction to our discussion of catalytic processes, select examples of
stoichiometric redox reactions at metal–metal bonds are presented (Figure 5).
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Figure 1.5 A schematic representation of two-electron oxidative addition reactions at metal–
metal bonds. The fragments being added are shown in red, and redox changes are denoted in
blue.

1.5.1 Oxidative reactions involving cleavage of a metal–metal -bond
Two-electron oxidative additions are common reactions of low-valent mononuclear
transition metal complexes. For example, Pd(0) species undergo carbon–halogen oxidative
addition in the first step of catalytic C–C and C–N cross-coupling reactions.31 Dinuclear variants
of these processes have also been observed using Pd(I)–Pd(I) species. Ozerov demonstrated that
the dimeric [(PNP)Pd]2 complex 1 can be generated from the photochemical release of alkyl
radicals from mononuclear (PNP)Pd(alkyl) precursors (Figure 6a).32 The Pd(I) dimer (1) features
a short Pd–Pd distance of 2.5758(4) Å, which is within the typical range for a Pd–Pd single
bond.33 The electron pair that comprises the metal–metal σ-bond can be utilized as a two-electron
reductant in oxidative addition reactions. For example, exposure of 1 to H2, H2O, or NH3 yields
the respective mononuclear Pd(II) products bearing hydrido, hydroxo, or amido ligands.
Analogous dinuclear oxidative additions have also been observed with other reducing metal–
metal single bonds, including those found in Rh(II) dimers (Figure 6b).34
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Figure 1.6 Dinuclear oxidative addition reactions at metal–metal σ-bonds. (a) Oxidative
additions at Pd(I)–Pd(I) dimers.32 (b) Oxidative addition of H2 at a Rh(II)–Rh(II) dimer.34 (c)
Proposed mechanisms for dinuclear oxidative addition reactions.

There are several limiting mechanisms that have been proposed for homodinuclear
oxidative addition reactions (Figure 6c).32 In the first mechanism, an initial mononuclear
oxidative addition occurs at one of the metals.14,35 Subsequent migration is accompanied by
cleavage of the metal–metal interaction. Alternatively, the substrate may react directly at the
intact metal–metal bond, for example by σ-bond metathesis. It is noteworthy in this context that
the concerted [2σ + 2σ]-cycloaddition mechanism for dinuclear oxidative addition is formally
symmetry forbidden,36 but the involvement of unoccupied metal-based orbitals or transition
states that are unsymmetrical would provide access to viable pathways. Finally, oxidative
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additions may occur by a dissociative mechanism, wherein the metal–metal bond is broken,
either homolytically or heterolytically, prior to activation of the substrate.37

Figure 1.7 Dinuclear oxidative addition and substrate coordination reactions at early/late metal–
metal σ-bonds.38

Metal–metal bonds between early and late transition metals are strongly polarized, and
the large electronegativity difference can be exploited to induce asymmetry in dinuclear
oxidative addition reactions.12a,12b,39 Bergman reported the synthesis of the Zr/Ir complex 2,
which contains a Zr–Ir single bond (Figure 7).38a When complex 2 is treated with an alcohol or
aniline substrate, oxidative addition ensues to generate products (3) in which the softer hydride
ligand adopts a bridging configuration while the harder alkoxide or anilide is terminally
coordinated to the electropositive Zr. The metal–metal bond is cleaved in this process, but the
dinuclear structure is retained due to the presence of the bridging imido ligand. The Zr–Ir bond
also exhibits unsymmetrical coordination to polar substrates. For example, complex 2 reacts with
CO2 to generate the adduct 4.38b

11

Figure 1.8 Dinuclear oxidative addition of organic electrophiles at an unsupported polar metal–
metal bond.40

In unsupported heterobimetallic complexes, oxidative addition can lead to the
dissociation of mononuclear products. Mankad demonstrated that the Fp–Cu(IPr) species 5 reacts
with organic electrophiles to yield Fp(alkyl) (6) and (IPr)CuBr (7) complexes (Figure 8).40 When
cyclopropylmethylbromide was used as a radical probe, no cyclopropane ring opening was
observed, suggesting that the reaction proceeds by a two-electron mechanism. The
regioselectivity of the oxidative addition is governed by the intrinsic polarity of the Cu–Fe bond,
which, in its limiting formulation, can be described as a nucleophilic Fp– and electrophilic
(IPr)Cu+ ion pair. Using DFT models, an oxidative addition transition state was identified in
which the nucleophilic metal–metal bond attacks the carbon electrophile by an SN2-like
mechanism. The alternative pathway involving heterolytic cleavage of the metal–metal bond to
generate a Fp– metallanucleophile was calculated to be prohibitively high in energy. The
concerted nature of the oxidative addition was also supported by a negative activation entropy
(ΔS‡ = –36 J/mol·K), consistent with a relatively ordered transition state.
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1.5.2 Oxidative Reactions Involving Formation of a Metal–Metal -Bond
In an inverted scenario compared to the cases described in Section 4.1, a dinuclear
oxidative addition reaction may also join two metals through the formation of a metal–metal
single bond. In many of the reported cases, the two metals are held in proximity by bridging
ligands, predisposing them toward dinuclear oxidative addition over a more classical twoelectron mononuclear oxidative addition. For example, in a seminal report by Gray,41 the
dirhodium(I) species 8 was prepared using bis(isonitrile) ligands (Figure 9a). Upon treatment
with I2, a rapid addition reaction takes place to generate a Rh(II)–Rh(II) product (9), which could
be spectroscopically assigned as a symmetrical trans-diiodide species. A similar reaction was
observed using MeI as an electrophile. While little is known about the mechanism of this
reaction, it was proposed that the addition might proceed in a stepwise fashion through radical
intermediates. Fackler42 obtained structural data for a dinuclear oxidative addition product in a
Au2 system (Figure 9b). The Au(I)/Au(I) compound 10 reacts with either I2 or MeI to form a
Au(II)–Au(II) single bond.

Figure 1.9 Dinuclear oxidative addition reactions that form a metal–metal σ-bonds.

1.5.3 Redox Reactions Involving a Metal–Metal Multiple Bond
For complexes containing metal–metal multiple bonds, oxidative addition reactions can
involve the π- or δ-bonding electron pairs.43 For example, the (i-PrO)6Mo2 complex 12 reacts
with diisopropylperoxide to yield the bis(μ-isopropoxy) product 13 (Figure 10).43a,44 The reaction
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is accompanied by a formal one-electron oxidation of each Mo with a corresponding reduction in
the Mo–Mo bond order from three to two. Similarly, the addition of two equivalents of Cl2 yields
the tetrachloro complex 14 containing a Mo–Mo single bond. These examples highlight the
utility of metal–metal multiple bonds in preventing the complete dissociation of the dimer
complexes, as is often observed with metal–metal single bonds (see Section 4.1).

Figure 1.10 Oxidative addition reactions at metal–metal multiple bonds.43

Thomas reported the synthesis of highly polarized metal–metal multiple bonds using
early/late transition metal pairs in a three-fold symmetric ligand environment. The Zr/Co
complex 15 contains a relatively short metal–metal interaction (Zr–Co: 2.36(1) Å) with
significant π-bonding character (Figure 11).45 Addition of CH3I to 15 generates the oxidative
addition product 16, which features a Zr-CH3 group engaged in a C–H σ-interaction with the Co
center.46 In order to expose the reactive metal–metal bond, one of the phosphine ligands
dissociates from Co and rotates to form an η2-interaction with Zr. The Co–Zr distance in 16 is
elongated to 2.6135(2) Å, reflecting a weak dative bond with no substantial multiple-bond
character. Complex 15 is also capable of cleaving the C=O double bond of benzophenone to
generate a Co–O–Zr fragment bearing a terminal Co-bound carbene. This reaction involves
complete scission of the Co–Zr bond, which lengthens to 3.0667(4) Å in complex 17.47
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Figure 1.11 Oxidative addition reactions of organic halides and ketones at early/late metal–metal
multiple bonds.46-47

1.5.4 Redox Reactions at Metal–Metal Bonds Involving Ligand-Centered Redox Activity
Using redox-active ligands, metal–metal bonds can engage in two-electron processes
without substantially perturbing the electronic structure of the metal–metal bond itself. For
example, Uyeda recently reported the synthesis of the Ni2 complex 18 supported by a
napthyridine–diimine (NDI) pincer ligand (Figure 12).48 Spectroscopic and crystallographic data
suggest that 18 is best described as a Ni(I)–Ni(I) complex bearing a dianionic NDI supporting
ligand. The electron pair stored within the π-system of the NDI ligand can be utilized in twoelectron oxidative addition reactions. For example, complex 18 reacts with [n-Bu4N]Br3, a
source of Br2, to generate the Ni2Br2 product 19. The Ni–Ni distances in complexes 18 and 19
are nearly identical, highlighting the minimal change in metal–metal bond order during this
reaction. By comparison, significant distortions in the NDI ligand bond metrics are evident,
indicating a change in charge state from –2 to 0. Similar electronic effects are observed in
oxidative coupling reactions of π-systems—for example, the reaction of 18 with enyne 20 to
afford the dinuclear metallacycle complex 21.49
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Figure 1.12 Oxidative addition and oxidative coupling reactions at a Ni(I)–Ni(I) bond involving
ligand-centered redox activity.48-49

1.6

Metal–Metal Bonds in Precatalysts and Off-Cycle Catalyst Resting States
Catalytic processes may involve traversing a large number of distinct intermediates in

proceeding from the starting materials to the reaction products. Typically only one or two of
these intermediates are present in appreciable concentrations under standard catalytic conditions.
Catalyst resting states can also be off the catalytic cycle, in which case, they have a detrimental
effect on the overall rate of the reaction. An important design principle in accessing an optimal
catalyst structure involves destabilizing all possible off-cycle species, thereby maximizing the
fraction of the catalyst that is engaged in the desired transformation. One mechanism by which
productive intermediates can be siphoned off the catalytic cycle is through the formation of
metal–metal bonded dimers. Often these species are significantly less reactive than their
monomeric precursors due to the increase in coordination number at the metal. In each of the
sections that follow, we discuss cases where dinuclear complexes have been identified as offcycle states in a catalytic process (Figure 13).
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Figure 1.13 A generic catalytic cycle involving mononuclear catalytic intermediates with offcycle dinuclear species.

1.6.1 Pd(I) Dimers as Precatalysts for Cross-Coupling Reactions
Pd-catalyzed cross-coupling reactions are robust methods for the formation of carbon–
carbon and carbon–heteroatom bonds.31 The utility of these reactions is evident in their
numerous applications in organic synthesis, ranging from complex natural products2b to basic
chemicals and polymers. The earliest Pd catalysts were limited in their ability to activate only
weak carbon–halogen bonds; however, successive improvements to catalyst structure have now
enabled a broad range of coupling partners to be used. The discovery of sterically-hindered,
electron-rich monophosphine supporting ligands was a particularly significant achievement,
allowing more available, but less reactive, aryl chlorides to undergo oxidative addition.50
Catalysts bearing these ligands are proposed to access coordinatively unsaturated, monoligated
(R3P)Pd species as key intermediates.31a,51 The inherent instability of monocoordinate Pd
necessitates the use of a precatalyst that rapidly enters the catalytic cycle and ideally contains the
desired 1:1 stoichiometry of metal to ligand. This latter criterion poses a particular challenge,
because Pd(II) complexes are most commonly found with an L2PdX2 configuration.
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Figure 1.14 (a) The role of Pd(I) dimers as precatalysts for cross-coupling reactions.52 (b)
Examples of Pd(I)–Pd(I) complexes that have been investigated as precatalysts in C–C and C–N
cross-coupling.53

Pd(I) dimers have emerged as a promising class of precatalysts for cross-coupling
reactions. In 1996, Mingos described the synthesis of Pd2(μ-Br)2(Pt-Bu3)2 (22) from Pd2(dba)3,
Pt-Bu3, and CHBr3 (Figure 14a).54 Hartwig subsequently demonstrated that these dimeric
complexes can function as air-stable and highly active precatalysts for C–C and C–N crosscoupling reactions using aryl chloride or bromide electrophiles.52 A benchmark amination
reaction of p-chlorotoluene was demonstrated to reach full conversion within 15 min at room
temperature, rivaling other state-of-the-art catalysts for this transformation. Several additional
examples of Pd(I)–Pd(I) precatalysts have since been described in the cross-coupling literature
(Figure 14b).53
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The catalytic activity of the pre-formed Pd(I) dimer 22 was compared to catalysts
generated in situ using various ratios of Pd(dba)2 and Pt-Bu3.55 The amination of 3bromothiophene using N-methylaniline was used as a model reaction. Several noteworthy
observations were made in the course of these studies. (1) The Pd2(μ-Br)2(Pt-Bu3)2 precatalyst
(22) exhibited enhanced rates relative to 1:1 mixtures of Pd(dba)2 and Pt-Bu3, suggesting that
dissociation of the dimer is a faster activation pathway than ligand substitution between dba and
Pt-Bu3. (2) Reactions using Pd(dba)2 and Pt-Bu3 were strongly influenced by pre-mixing times,
leading to large variations in rate due to the evolving speciation of the catalyst. (3) Pre-formed
Pd2(Pt-Bu3)2 was the slowest among precatalysts that were investigated, indicating an
unfavorable dissociation of phosphine from the bis-ligated complex. Together, these studies
highlight a case where significant gains in catalytic activity and reliability are afforded by
utilizing a well-defined dinuclear pre-catalyst rather than mixtures of a Pd(0) source and a
phosphine, as is more commonly practiced.
There are several plausible mechanisms by which Pd(I) dimers can dissociate into
monomers and enter catalytic cross-coupling cycles (Figure 15). The most commonly invoked
pathway is a disproportionation reaction to yield an LnPd0 and LnPdIIX2 species. In order to
evaluate the feasibility of this pathway relative to alternatives, Schoenebeck conducted DFT
calculations and found the disproportionation of 22 to be endothermic by 38.1 kcal/mol, which is
inconsistent with the fast rates of Pd(I) dimer activation observed experimentally.56 An
alternative possibility was suggested in which a nucleophile or base that is present in a crosscoupling reaction induces reduction of the Pd(I) dimer. Accordingly, when 22 was treated with
KOt-Bu, complete reduction to Pd(0) products was observed within 15 min at room temperature.

Figure 1.15 Proposed activation mechanisms for Pd(I) dimer precatalysts, forming mononuclear
Pd(0) species.
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1.6.2 Pd(I) Dimers as Off-Cycle Resting States in Cross-Coupling Reactions
In addition to their use as precatalysts, Pd(I) dimers are also found to assemble
spontaneously from monomeric precursors under conditions relevant to catalytic crosscoupling.57 While dimer formation has only been characterized in a small number of systems,
these examples suggest that monomer–dimer equilibria may play a significant role in
determining catalytic efficiency in systems that were previously assumed to only involve
monopalladium species. This issue is particularly relevant to modern cross-coupling catalysts,
which have relied on monodentate supporting ligands to favor coordinatively unsaturated
catalytic intermediates. The formation of metal–metal bonds is a potential mechanism by which
metal centers might achieve their desired higher coordination numbers, generating deleterious
off-cycle resting states.
Hazari examined the distribution of Pd-containing species in Suzuki–Miyaura couplings
using Nolan-type58 (IPr)Pd(allyl)Cl (23) precatalysts (Figure 16a).59 NMR studies in operando
revealed that dimeric Pd(I) complexes bearing bridging allyl ligands were generated as the major
catalyst resting state in a model reaction between phenylboronic acid and p-chlorotoluene.
Notably, the extent of dimer formation could be manipulated by incorporating substituents on the
allyl fragment. For the parent allyl group, 76% of all Pd-containing species were in the dimeric
resting state, whereas for cinnamyl, only 35% of the dimer was observed. The substituent effect
on the stability of the dimer was most clearly demonstrated in a crossover experiment between
the Pd2(μ-cinnamyl) dimer and the Pd(allyl) monomer. At equilibrium, the dimer bearing the less
hindered bridging allyl group is strongly favored (Figure 16b). In accordance with the catalytic
relevance of this monomer–dimer interconversion, the μ-cinnamyl catalyst 24 was found to be
significantly more active than the μ-allyl catalyst 23.
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Figure 1.16 (a) A model Suzuki–Miyaura coupling using Pd(I)–Pd(I) μ-allyl and μ-cinnamyl
precatalysts. (b) Dimer formation is favored for less sterically hindered allyl substituents.59

1.6.3 Dimeric Cu Nitrene Complexes in C–H Amination Reactions
Nitrenes are valuable reactive intermediates in organic synthesis owing to their ability to
insert into C–H bonds and undergo cheletropic reactions with alkenes to generate aziridines.
While free nitrenes can be readily generated from the thermal or photochemical decomposition
of organic azides, their high reactivity can present a significant liability for complex organic
substrates containing multiple C–H bonds and/or degrees of unsaturation.60 In this context, the
discovery of transition metal catalysis in nitrene transformations represented a significant
advance in the field, enabling high levels of chemo-, regio-, and stereoselectivity to be achieved
through catalyst control.
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Figure 1.17 (a) A seminal example of a Cu-catalyzed alkene aziridination reaction.61 (b)
Enantioselective alkene aziridinations using chiral Cu complexes.62 (c) Cu catalyzed C–H
aminations.63

In 1967, Kwart and Khan reported the Cu-catalyzed decomposition of
benzenesulfonylazide in cyclohexene to yield a complex mixture of products, a minor constituent
of which was the aziridine 25 (Figure 17a).61 Homogeneous Cu complexes bearing nitrogenbased chelating ligands have since been developed as efficient aziridination catalysts, and highly
enantioselective variants have been described (Figure 17b).62 Cu nitrene catalysis has also been
extended to C–H amination reactions (Figure 17c).63
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Figure 1.18 (a) Dicopper μ-nitrenes as off-cycle resting states in Cu-catalyzed C–H amination
reactions.64 (b) Monoiron and diiron nitrenes relevant to C–H amination reactions.65

Extensive mechanistic studies of Cu-catalyzed aziridination and C–H amination reactions
have suggested the intermediacy of Cu-bound nitrenoids. Nevertheless, these highly reactive
species have seldom been observed in catalytically relevant systems. In an effort to synthesize
well-defined Cu nitrenes, Warren investigated reactions between organic azides and βdiketiminato Cu(I) synthons bearing sterically encumbering flanking substituents (Figure 18a).64
Rather than obtaining the expected monocopper nitrene species, a net dinuclear reaction was
observed to obtain the dicopper nitrene 28. In the case of the adamantylazide-derived complex,
clean stoichiometric nitrene insertion was observed into benzylic and unactivated secondary C–H
bonds. This reactivity could be successfully incorporated into a catalytic protocol for C–H
amination, employing 2.5 mol% of 28 with adamantylazide in neat hydrocarbon.
Mechanistic studies of the C–H amination mediated by 28 were consistent with a preequilibrium dissociation of the dimer to form a terminal nitrene species and a Cu(I) fragment.
Stoichiometric amination reactions between the dicopper nitrene and ethylbenzene exhibited
saturation kinetics in the hydrocarbon substrate and an inverse rate dependence on the
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concentration of added 28. Collectively, this kinetic behavior indicates that the monocopper
terminal nitrene is significantly more reactive than the dicopper bridging nitrene, which
functions as an off-cycle resting state in catalytic C–H aminations. Recently, Betley has observed
similar interconversions between terminal (29) and bridging (30) nitrenes in Fe complexes
(Figure 18b).65

1.7

Metal–Metal Bonds in Transient Catalytic Intermediates
In addition to their role as off-cycle catalyst resting states, dimeric complexes containing

metal–metal bonds have also been proposed as catalytic intermediates. There are several cases
where mechanisms involving transient metal–metal bonds may be favored over those involving
only mononuclear intermediates. For example, in catalytic cycles that necessitate a challenging
two-electron redox process, an unfavorable high or low catalyst oxidation state can be
circumvented by distributing redox activity over multiple metal centers. Additionally, first-row
transition metals that undergo facile one-electron chemistry can be induced to favor two-electron
pathways by acting in concert with a second metal center. In each of the cases described in this
section, two metals undergo a dinuclear redox reaction to generate a metal–metal bonded
complex as a proposed on-cycle catalytic intermediate.
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Figure 1.19 (a) Catalytic I/Br exchange using a dimeric Pd(I) catalyst. Proposed reaction
pathway involving intact dinuclear intermediates.14 (b) Catalytic trifluorothiolation and
trifluoroselenation reactions using a dimeric Pd(I) catalyst.66

1.6.4 Palladium Dimers in Cross-Coupling
In 2013, Schoenebeck reported the Pd2(μ-Br)2(Pt-Bu3)2 (22) catalyzed transhalogenation
of aryl iodides with [n-Bu4N]Br (Figure 19a).14 In contrast to previous studies of C–C crosscoupling reactions, mechanistic studies of the C–Br coupling provided evidence that the Pd(I)
complex itself may be a catalytically competent intermediate, rather than simply serving as a
precursor to mononuclear Pd(0) species. Notably the μ-Br2 complex 22 undergoes a
stoichiometric reaction with 9-iodoanthracene to generate 9-bromoanthracene in high yield. By
contrast, the corresponding mononuclear (Pt-Bu3)Pd(Ar)(Br) species is not capable of
undergoing C–Br reductive elimination under the same set of conditions. Kinetics studies of the
dinuclear oxidative addition revealed a first order rate dependence on the concentration of ArI
and the Pd2 complex 22, consistent with a mechanism that does not involve a pre-equilibrium
dissociation of the dimer.35
An energetically viable transition structure was located using DFT methods and found to
involve C–I bond activation at a single Pd center with the other engaged in a weak Pd–Pd
interaction. In the oxidative addition product, the Pd–Pd bond is formally broken, but the dimeric
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structure is maintained by the presence of bridging halides. A key hypothesis to emerge from
these studies is that challenging reductive eliminations (eg. carbon–halogen bond formation) may
be facilitated by the formation of a stabilizing metal–metal bond. The utility of dimeric Pd
complexes was subsequently extended to catalytic trifluoromethylthiolation and
trifluoromethylselenation reactions (Figure 19b).66

1.6.5 Pd(III) Dimers in C–H Functionalization
Aromatic C–H activation reactions mediated by Pd(II) species were first demonstrated in
1968 by Davidson and Triggs.67 The reaction between Pd(OAc)2 and C6H6 proceeds at high
temperature in AcOH to afford a Pd(II) phenyl species, which undergoes bimolecular reductive
elimination to yield biphenyl and insoluble Pd(0) metal. In the presence of an oxidant, such as
K2Cr2O7, the Pd(II) intermediate can be intercepted prior to C–C bond formation, resulting
instead in acetoxylation of the benzene ring.68 This reactivity has recently reemerged as a basis
for highly general catalytic methods that convert aromatic C-H groups into valuable Cheteroatom substituents. The discovery of directing group effects represented a significant
milestone in C–H functionalization catalysis, allowing simple donors to dictate positional
selectivity within arenes containing multiple C–H bonds (Figure 20a).69
The proposed high-valent Pd intermediates in C–H functionalization reactions are
sufficiently unstable under typical catalytic conditions to preclude their detection (Figure 20b).
In 2007, Sanford reported the isolation of well-defined Pd(IV) species relevant to C–H
chlorination (Figure 20c).70 Treatment of the homoleptic Pd(II) phenylpyridine complex 31 with
NCS, yielded the two-electron oxidation product 32, which undergoes clean, unimolecular
reductive elimination to generate the functionalized product 33. Related stoichiometric reactions
were also investigated for C–H acetoxylation reactions.71 Collectively, these studies established
the feasibility of a Pd(II)/Pd(IV) redox cycle in C–H functionalization catalysis.
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Figure 1.20 (a) Catalytic, directed C–H acetoxylation reactions.69 (b) A proposed mechanism for
Pd-catalyzed C–H functionalizations invoking a high-valent Pd intermediate. (c) C–H
functionalization pathway involving mononuclear Pd(IV) species.70 (d) C–H functionalization
pathway involving dinuclear Pd(III) species.14

In 2009, Ritter described an alternative formulation for the high-valent intermediate in
oxidative C–H functionalization as a Pd(III)–Pd(III) species (Figure 20d).15,72 The
cyclopalladation of benzo[h]quinoline with Pd(OAc)2 yielded a dimeric Pd(II) aryl complex
supported by bridging acetate ligands (34). Oxidation with PhICl2 forms the Pd(III) dimer 35,
which could be crystallized at low temperatures. At room temperature, this dimeric species (35)
undergoes thermal C–Cl reductive elimination to yield the chlorinated product (36) and a
mixture of Pd(II) species. In the specific context of the acetoxylation of 2-phenylpyridine with
PhI(OAc)2, a Pd(III) dimer was found to be kinetically competent in the catalytic process,
whereas an analogous Pd(IV) complex exhibited significantly slower initial rates that were not
commensurate with it being an on-cycle intermediate.
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Figure 1.21 (a) Electrochemical oxidation of a Pd(II) dimer is facilitated by proximity of the two
Pd centers.73 (b) A C–Cl reductive elimination pathway with an intact Pd–Pd interaction.72b

Whereas both mononuclear Pd(IV) and dinuclear Pd(III) species are viable as
intermediates in the stoichiometric steps of oxidative C–H functionalization, there are two
possible roles that the formation of a Pd–Pd bond may play in favoring a dinuclear catalytic
pathway.74 First, the oxidation of Pd(II) is likely to occur at more mild potentials due to the
formation of a stabilizing metal–metal interaction (Figure 21a). For example, the isomeric
complexes 37 and 38 bear the same supporting ligands but differ in the number of ligands that
bridge the two Pd centers.73 Complex 37 contains a shorter Pd–Pd distance and undergoes
oxidation at a potential that is 0.37 V more cathodic than for 38 in cyclic voltammetry
experiments. Second, the barrier to carbon–heteroatom reductive elimination may be lowered by
the stabilizing influence of the second Pd (Figure 21b). In a series of computational studies,
Ritter and Goddard identified a low-energy transition state for Pd–Cl reductive elimination from
the intact dimeric species 39.72b Analysis of calculated electron binding energies revealed that
both Pd centers undergo simultaneous reduction upon proceeding from the Pd(III) dimer 39 to
the Pd(II) product due to strong electronic coupling between the two metal centers.72b
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1.6.6 Rh Dimers In Alkene Hydroformylation
Hydroformylation reactions are practiced on multimillion metric ton scales in the
chemical industry as a method for converting abundant olefin feedstocks into aldehyde products.
The utility of carrying out regioselective one-carbon homologation has also been recognized as a
valuable synthetic tool in smaller scale syntheses of biologically active natural and synthetic
compounds.4b,75 Monorhodium complexes bearing phosphine ligands are the dominant class of
catalysts for hydroformylation. While substantial progress has been made in achieving high
catalyst turnover numbers through catalyst tuning, controlling branched vs. linear product
selectivity and minimizing the formation of hydrogenation and isomerization side products
continue to pose significant challenges for certain substrate classes.
Stanley reported a class of binucleating tetraphosphine ligands that assemble dirhodium
complexes active toward alkene hydroformylation.76 In particular, the rac-40 ligand system,
possessing a short methylene tether between the two central phosphine donors, enforces a close
proximity between the two metals such that they are poised to form a Rh(II)–Rh(II) bonding
interaction. The [Rh2(rac-40)]2+ complex catalyzes the hydroformylation of 1-hexene with an
initial turnover frequency of 20 min–1 and provides a high linear-to-branched product ratio of
28:1 (Figure 22a). Monorhodium catalysts bearing similarly electron rich alkyl-substituted
phosphines exhibit comparatively poor catalytic activity, suggesting a beneficial effect of the
dimeric catalyst structure. A particularly noteworthy aspect of these studies is that the
stereogenicity of the two phosphines permits the synthesis of meso and rac catalyst diastereomer
as a control for steric and electronic effects. Using the meso-40 ligand, both the rate and the
selectivity of the hydroformylation are significantly eroded, illustrating the critical importance of
the relative positioning between the two Rh centers.
Mechanistic studies revealed that the active [Rh2(rac-40)]2+ catalyst could adopt both
open and closed geometries, which were directly observable under catalytically relevant
conditions (Figure 22b). The latter is capable of undergoing a bimetallic oxidation of H2 to
generate a Rh(II)–Rh(II) bond. By comparison, analogous monorhodium catalysts are thought to
proceed through a Rh(I)/Rh(III) catalytic cycle. There were several beneficial effects attributed
to the dinuclear catalyst structure. First, the presence of two Rh centers confers an overall +2
charge to the catalyst, facilitating CO exchange due to weaker back-bonding interactions.
Second, the proximity of the two metals enables the formation of bridging fragments, which may
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be directly relevant to the insertion steps of the catalytic mechanism. For example, reductive
elimination of a μ-H and a terminally coordinated acyl ligand is calculated to be a low-barrier
pathway to product formation. Finally, the rigidity of the dinuclear structure projects steric
interactions into the substrate binding pocket, allowing for highly regioselective alkene insertion.

Figure 1.22 (a) A highly active and selective dirhodium hydroformylation catalyst and a
comparison of ligand diastereomers. (b) An abbreviated mechanistic proposal invoking closed
dimeric complexes and a Rh(I)–Rh(I)/Rh(II)–Rh(II) catalytic cycle.
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1.6.7 Cu–Fe Catalysts for C–H Borylation
C–H borylation reactions have attracted significant attention as a direct method for the
preparation of organoboron compounds, commonly used as nucleophilic partners in Suzuki–
Miyaura cross-coupling reactions. In 1995, Hartwig reported that the Fe(II) boryl complex 41
undergoes a light-induced reaction with arenes to yield arylboronate esters (Figure 23a).77 The
terminal Fe-containing product of this reaction was predominantly the Fe(I) dimer 43, which
presumably arises from bimolecular loss of H2 from the Fe(II) hydride 42.

Figure 1.23 (a) Stoichiometric borylation of benzene using an Fe(boryl) complex.77 (b) Catalytic
C–H borylation enabled by a heterodinuclear Fe/Cu catalyst.78
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Mankad recognized that this stoichiometric borylation reaction could be rendered
catalytic by preventing the one-electron decomposition of the Fe(II) hydride and regenerating the
key Fe(boryl) species through a sequence of H–H reductive elimination and H–B oxidative
addition reactions (Figure 23b).78 Accordingly, it was found that Fp–H (42) could be combined
with [(IPr)CuH]2 to generate the heterodinuclear (IPr)Cu–Fp complex 44 and H2 as a
stoichiometric byproduct. This species undergoes an endothermic dinuclear oxidative addition
with HBpin to generate small amounts of the Fe(boryl) intermediate, previously demonstrated by
Hartwig to engage arenes in C–H borylation. Thus, under catalytic conditions, the Fe–Cu
complex 44 can be used in 10 mol% loading under photochemical conditions to achieve the
room temperature borylation of simple arenes. Notably, neither mononuclear component of 44
was effective in the catalytic borylation. This result highlights the potential for metal–metal
cooperativity to enable facile two-electron reactivity in complexes that are typically prone to
undergoing one-electron redox changes.

1.8

Intact Dinuclear Catalysts Containing Metal–Metal Bonds
Recent studies have targeted the design of metal–metal bonded catalysts that can

maintain their dinuclear structure over a complete catalytic cycle. When metal–metal bonds are
unsupported, there can be considerable ambiguity surrounding the nature of the active catalyst
due to potential monomer–dimer equilibria under the reaction conditions. In this context,
supporting ligands can be tailored to favor the nucleation of two metal centers and position them
within bonding range. The following section describes cases in which dinuclear species
containing metal–metal bonds are thought to remain intact and act as a single functional active
site for a catalytic transformation.

Figure 1.24 Generic dinuclear redox processes in which bond activation occurs at a single
transition metal or across a metal–metal bond.
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The examples in this section can be divided into two broad categories (Figure 24). In the
first, only one metal center is involved in substrate binding while the second serves as a
supporting metallaligand. In these cases, the catalytic intermediates that are formed often closely
resemble those using mononuclear catalysts. The most significant impact of the dinuclear
structure is to afford opportunities to tune catalytic activity by varying the strength of the
interaction between the two metals. Dirhodium catalysts for carbene and nitrene transfer
reactions are the most prominent class of catalysts in this category. Many examples also feature
Lewis acidic early transition metals engaged in dative interactions with low-valent late metals.
Examples in the second category are more rare and involve dinuclear catalysts in which
substrates bind across the metal–metal bond itself. Investigations into these processes are
hampered by the lack of suitable ligand frameworks that support relatively low-coordinate
metal–metal bonds. Nevertheless, these systems have the potential for unique substrate–catalyst
interactions that can be exploited to control selectivity or facilitate challenging steps in a
catalytic cycle.

1.7.1 Dirhodium-Catalyzed Carbene Transfer Reactions
Rh2 paddlewheel complexes, utilized in carbene and nitrene transfer reactions, are the
most prominent class of catalysts containing metal–metal bonds (Figure 25a). Since the initial
discoveries by Teyssie79 of the catalytic decomposition of ethyl diazoacetate using Rh2(OAc)4,
Rh2 systems have seen widespread application in organic synthesis and generally surpass
mononuclear catalysts in their level of efficiency.80 Rh2-catalyzed carbene transfer reactions are
thought to proceed through Rh=CR2 intermediates in which the carbene is terminally coordinated
to one Rh center, with the other Rh acting as an apical metallaligand. The Rh2 carbenes
generated from diazoacetates, and other precursors bearing acceptor groups, are highly
electrophilic and target electron-rich C–H bonds and π-systems.
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Figure 1.25 (a) Cyclopropanation and C–H insertion reactions catalyzed by Rh2(OAc)4. (b) The
role of a three-center four-electron π-bond in generating a highly electrophilic carbene
intermediate.81

Berry recently advanced an electronic structure model to account for the electrophilic
nature of Rh2 carbenes (Figure 25b).81 A three-center two-electron interaction was described,
whereby the Rh–Rh π* orbital mixes with the unoccupied p-orbital of the carbene to generate a
low-lying LUMO polarized toward carbon. The analogous M=C π-anti-bonding combination in a
mononuclear metal(carbene) would be expected to lie significantly higher in energy. Although
the Rh=CR2 bond is often represented as a double bond, calculated bond orders are significantly
lower than 2 due to the delocalization of the π-system.82

34

Figure 1.26 A comparison of Rh2 (45) and Rh/Bi (46) catalysts for styrene cyclopropanation.83

In a combined experimental and computational study, Davies and Dikarev provided
additional support for the importance of the ancillary metal center in Rh2 catalysis (Figure 26).83
Comparative studies were performed between a Rh2 (45) catalyst and a Rh/Bi (46) catalyst
bearing similar ligand sets. Both catalysts were found to be competent in the cyclopropanation of
styrene with methyl phenyldiazoacetate; however, the Rh2 catalyst exhibited rates that were 1600
times faster. This effect could be reproduced in computational studies, which predicted the
activation barrier for the rate-determining carbene formation step to be 3.2 kcal/mol higher in
energy for the Rh/Bi system. The effect of the second metal was rationalized by the relative
degree of orbital overlap between the two metals, with the Rh–Bi interaction being significantly
weaker than the Rh–Rh interaction.

Figure 1.27 Characterization data for Rh2 complexes bearing donor–acceptor carbenes.84
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For a long time, dirhodium carbene complexes resisted isolation due to their high
reactivity; however, recent reports have provided the first glimpses into their structure (Figure
27).84 These spectroscopic and crystallographic data support the postulated three-center Rh–Rh–
C π-orbital that is thought to confer a high degree of electrophilicity to Rh2 carbenes. Davies and
Berry generated the carbene complex (47) under cryogenic conditions and observed the
appearance of a prominent feature in the UV–Vis spectrum at λmax = 720 nm, assigned to a lowlying π–π* transition.84a In 2016, Fürstner described the crystallographic characterization of a
Rh2 donor–acceptor carbene complex (48) using the esp ligand system.84b The Rh–Rh and Rh–C
distances are 2.002(1) and 2.4226(3) Å respectively, consistent with fractional double-bond
character in both bonds.

Figure 1.28 (a) Proposed mechanisms for nitrene insertion through a redox neutral cycle or a
mixed-valence Rh2(II,III) intermediate. (b) Mechanistic studies consistent with a concerted
insertion pathway for the Rh2 nitrene intermediate.85 (c) Modifications to the ligand structure
probing the role of the mixed-valence Rh2(II,III) intermediate.86
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1.7.2 Dirhodium-Catalyzed Nitrene Transfer Reactions
Although much less is known about the chemistry of nitrene transfer using Rh2 catalysts,
recent investigations have uncovered key points of divergence between carbene and nitrene
transfer mechanisms. For example, Rh2(carbene) species are proposed to be diamagnetic,
whereas the corresponding nitrenes can access triplet spin states, raising the possibility of radical
pathways.87 It is also noteworthy that while catalytic carbene transfer reactions almost uniformly
employ diazoalkanes as redox neutral carbene precursors, nitrene reactions commonly use
primary amines in combination with an oxidant such as PhI(OAc)2.88
Extensive mechanistic studies have suggested competing pathways in Rh2-catalyzed
nitrene transfer dependent on the identity of the catalyst and substrate (Figure 28a). Using
Rh2(OAc)4, a preponderance of mechanistic evidence suggests a concerted mechanism for
insertion of a Rh2-bound nitrene into a C–H bond (Figure 28b).85 For example, the
intramolecular C–H amination reaction of the radical clock substrate 49 using Rh2(OAc)4 is not
accompanied by ring-opening, suggesting that long-lived radical intermediates are not involved.
The observed deuterium kinetic isotope effect values and Hammet linear free energy studies
were also consistent with a direct electrophilic nitrene insertion pathway.
Du Bois recently described the development of the Rh2(esp)2 catalyst system (50), which
offers significant advantages over Rh2(OAc)4 in the efficiency of intermolecular nitrene transfer
reactions.89 The motivation for the design of the esp ligand was to improve catalyst stability by
suppressing dissociation of the carboxylate ligands, which presumably leads to inactive
monorhodium complexes. This decomposition pathway is more apparent in intermolecular
reactions where the nitrene intermediates are sufficiently long-lived to suffer from deleterious
side reactions. Recent studies have revealed that the esp ligand may also facilitate catalysis by
stabilizing the mixed-valence Rh2(II,III) state, which is accessible under the oxidizing conditions
of most amination reactions.85,90 It was hypothesized that the cationic species 51 could arise from
a proton-coupled electron transfer (PCET) event from the amine substrate by the hypervalent
iodine reagent. After formation of the amido intermediate, a second PCET generates the active
nitrene (52), which is responsible for C–H activation. This proposed mechanism is supported by
DESI-MS studies, which detected both species under catalytic conditions.90a
Obtaining a detailed mechanistic understanding of Rh2(esp)2-mediated aminations
remains an active area of study; however, it is evident that the ability of the catalyst to form
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stable mixed-valence (II,III) states is critical to achieving optimal reactivity in intermolecular C–
H amination reactions. Simple tetracarboxylate catalysts, which afford much lower yields than
Rh2(esp)2, are presumed to be unstable due to their decomposition into mononuclear Rh(III)
species. In contrast, the chelating esp ligand makes fragmentation much less energetically
favorable. Intriguingly, the use of a resorcinol-based redox-active active ligand (53), which
prevents the formation of the Rh2(II,III) mixed-valence state, leads to much lower reactivity
(Figure 28c).86a Conversely, a well-defined Rh2(II,III) precatalyst utilizing a chelating diamidate
espn ligand (54) displays a longer catalyst lifetime compared to Rh2(esp)2.86b Collectively, these
studies provide evidence for an efficient catalytic pathway involving mixed-valence oxidation
states, a feature that is only accessible to catalysts containing more than one metal center.
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Figure 1.29 (a) Catalytic propargylic substitution reactions via Ru2 allenylidene intermediates.91
(b) Catalytic asymmetric variants using a chiral Ru2 catalyst.106

1.7.3 Propargylic Substitution Reactions via Ru2 Allenylidene Intermediates
Hidai and Nishibayashi demonstrated that a broad range of propargylic substitution
reactions91 could be effected by taking advantage of stable dinuclear Ru2(allenylidene)
intermediates (Figure 29a).92 Treatment of the Ru2 complex 55 with the tertiary propargyl
alcohol 56 in the presence of NH4BF4 yielded the cationic Ru2(allenylidene) complex 57, which
was isolated as a crystalline solid. The stoichiometric reaction of 57 with EtOH forms the
propargyl ether product 58 in 89% yield. This series of stoichiometric reactions could be
incorporated into an efficient catalytic protocol for substitution reactions of propargyl alcohols,
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employing nucleophiles such as amides, thiols, anilines, and ketones. The incorporation of chiral
substituents on the μ-thiolate ligands enabled highly enantioselective variants of these reactions
using racemic propargyl alcohol substrates (Figure 29b).91b,93
The substitution reaction was found to be uniquely effective using the diruthenium(III)
catalyst. By comparison, a variety of Ru(II) complexes known to activate propargyl alcohols,
such as (Cp)RuCl(PPh3)2, RuCl2(dppe)2, and RuCl2(p-cymene), afforded no yield of the
substitution product. Much like Rh2-catalyzed carbene transfer reactions, the proposed
mechanism involves the formation of a carbenoid fragment terminally coordinated to one of the
Ru centers, with the other Ru functioning as a supporting metallaligand. Nakamura conducted
detailed DFT calculations in order to probe the role of the dinuclear catalytic active site.94 The
rate advantage conferred by the Ru2 catalyst was attributed to a combination of two factors. First,
the Ru–Ru bond stabilizes the coordinatively unsaturated intermediate that is formed when the
product alkyne dissociates. Second, the spectator Ru cation exerts an electron-withdrawing effect
that decreases the back-bonding ability of the active Ru center and facilitates ligand exchange.

1.7.4 Early/late Heterobimetallic Catalysts for Alkene Hydrogenation
Bergman reported an early example of a catalytically active polar metal–metal bond in
the context of a Ta/Ir catalyst for hydrosilylation, alkene isomerization, and hydrogenation.95
Complex 60 is an efficient catalyst for ethylene hydrogenation (Figure 30a); however, higher
olefins afford significant quantities of isomerized products. Notably, the dinuclear catalyst was
observed to remain intact by NMR analysis of reaction mixtures under operating conditions.
When the hydrogenation is performed using D2, deuterium is incorporated into the methylene
bridges, suggesting that the μ-CH2 group may undergo reversible C–H reductive elimination as a
mechanism for opening up a coordination site for alkene binding. Based on this observation and
additional kinetic studies, the mechanism in Figure 30b was proposed.
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Figure 1.30 (a) Comparative rates of ethylene hydrogenation using a Ta/Ir catalyst and a
monometallic Ir catalyst.95 (b) Proposed mechanism of hydrogenation illustrating the role of
reversible hydrogenation of the Ir–C bond.96

In order to further characterize the importance of the dinuclear nature of the Ta/Ir
catalyst, comparison studies were performed with the mononuclear Ph2P(CH2)2Ir(PPh3)CO
complex 61 (Figure 30a).96 The monoiridium catalyst (61) was found to be 150 times slower in
the relative rate of ethylene hydrogenation as compared to the Ta/Ir complex 60. Additionally,
when the same deuterium-labeling experiments were performed using the monometallic complex
61, no deuterium incorporation in the methylene bridges was observed. These results led to the
conclusion that the two catalysts were operating under different mechanisms, with the
monometallic catalyst requiring dissociation of a phosphine ligand in order for ethylene to bind.
The Ta/Ir dative interaction can thus be viewed as a hemilabile interaction that is weakened upon
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addition of H2 but is restored to stabilize low-coordinate intermediates during the catalytic
process. This feature bears a notable resemblance to the proposed role of metal–metal bonds in
NiFe hydrogenase enzymes.

1.7.5 Pt/Ti Heterobimetallic Catalysts for Allylic Substitution
More recently, the utility of early/late heterobimetallic complexes as catalysts has been
extended to other classes of transformations. In 2009, Nagashima described a series of group 10
complexes featuring weak dative interactions with Ti (Figure 31).97 Using 10 mol% of the Ti/Pd
catalyst 62, the substitution reaction between methallylchloride and Et2NH reached full
conversion within 5 min at ambient temperatures. In contrast, a mononuclear Pd(dppp) catalyst
(63) provided only 11% yield after a comparatively long reaction time of 1.5 h.
The rate enhancement afforded by the presence of Ti was attributed to an increase in the
electrophilicity of the Pt(η3-methallyl) fragment. The Pd–Ti dative interaction exerts a downfield
shift in the 13C and 31P NMR resonances associated with the methallyl and phosphinoamide
signals. Using DFT calculations, a σ-bonding orbital was identified corresponding to donation
from a filled Pd(dz2) orbital into an empty orbital on the d0 Ti center. Mayer atomic bond orbital
analysis indicated a Ti–Pd bond order of 0.29.
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Figure 1.31 A Ti/Pd catalyst for allylic substitution with secondary amines. Calculated transition
state energies for C–N bond formation showing a dependence on the presence of Ti and the Pd–
Ti distance.97-98

Michaelis and Ess reported a combined experimental and computational analysis of this
system to evaluate the relative importance of a direct Ti–Pd covalent interaction vs. an indirect
electrostatic effect of Lewis acid coordination to the phosphinoamide (Figure 31).98 In the
calculated transition structure for amine addition, the Pd–Ti distance undergoes a contraction
relative to the ground state, suggesting a strengthening of the interaction. Additionally, when Ti
was geometrically constrained to be co-planar with the two P–N bonds (65), thus breaking the
Pd–Ti interaction, the activation barrier for amine addition increased by 4.5 kcal/mol. Complex
64 was selected as a monopalladium comparison compound and found to exhibit an activation
barrier that was even higher in energy by 3.5 kcal/mol than for 65. Experimentally, the addition
of Et2NH to methallylchloride using catalyst 64 reaches only 51% yield after 3 h. Using the
highly active Ti/Pd catalyst 62, Michaelis described a general synthetic method for allylic
aminations that can accommodate hindered secondary amine nucleophiles, such as 2,2,6,6,tetramethylpiperidine, which are unreactive using monopalladium catalysts.99
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1.7.6 Metal–Lewis Acid Dative Interactions in Ni Catalyzed Hydrogenation
Lu examined the effect of a metal–metal dative interaction in Ni-catalyzed hydrogenation
reactions (Figure 32) within an isostructural series of three-fold symmetric complexes featuring
Ni–M bonds (M = Al, Ga, or In, 67).100 As the metal size was increased across the series (Al <
Ga < In), a decrease was observed in the ratio of the Ni–M bond length to the sum of the
covalent radii. This structural trend was attributed to better overlap of the larger group 13 cations
with the soft Lewis basic Ni center, leading to a stronger dative interaction. This effect is also
directly reflected in the one-electron oxidation potentials, which shift toward more positive
values in proceeding from the mononickel complex 66 to the Ni/Al, Ni/Ga, and Ni/In complexes
(67).

Figure 1.32 Effect of an apical metallaligand on the Ni-catalyzed hydrogenation of styrene.100

The identity of the Lewis acid partner exerts a strong influence on H2 binding at Ni. For
example, complexes 66 and 67-Al are unreactive toward H2, whereas 67-Ga and 67-In form H2
adducts under 1 atm of pressure. This H2 activation mode provides an entry into catalytic
hydrogenation reactions. Using 5 mol% of the Ni/Ga catalyst 67-Ga, the hydrogenation of
styrene provides >99% yield of ethylbenzene after 24 h (Figure 32). By comparison, the Ni/In
catalyst 67-In is significantly less active, and complexes 66 and 67-Al, which do not bind H2,
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afford no hydrogenation reactivity. These results highlight the high degree of control that be
obtained in Ni hydrogenation catalysis by tuning the strength of an ancillary Ni–Lewis acid
interaction.

Figure 1.33 A Zr/Co catalyst for ketone hydrosilylation proceeding through a Zr-bound ketyl
radical intermediate.101

1.7.7 A Zr/Co Catalyst for Hydrosilylation
Thomas demonstrated that the Zr/Co complex 1545 functions as an efficient catalyst for
the hydrosilylation of ketones, providing silyl ether products (Figure 33).101 The reaction is
particularly noteworthy from a mechanistic perspective in that it appears to circumvent standard
silane activation pathways such as Si–H oxidative addition, which is a key step in the Chalk–
Harrod mechanism.102 When complex 15 is treated with PhSiH3 (1.0 equiv) no reaction is
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observed; however, 15 reacts cleanly with benzophenone to generate the dimeric complex 68.
The structure of the dimer (68) is reminiscent of Gomberg’s dimer and presumably arises from a
C–C coupling reaction of two Zr-bound ketyl radicals (69). Based on this reactivity, Thomas
proposed a catalytic mechanism in which the initial coordination of the ketone to Zr is
accompanied by electron transfer to generate a ketyl radical. Addition of the silane could then
proceed by a concerted or stepwise process to generate the silyl ether product, which dissociates
from the catalyst.
A unique feature of this mechanism is that substrate binding occurs only at Zr; however,
the redox chemistry is distributed between the two metals. A Zr(III)/Zr(IV) redox cycle in a
mononuclear catalyst would be inaccessible under typical hydrosilylation conditions due to the
driving force for Zr to maintain its highest possible oxidation state; however, the reducing Zr–Co
bond can formally function as a one-electron reductant, generating the ketyl radical character that
is necessary for addition of the silane.

Figure 1.34 Proposed mechanism for the cyclotrimerization of alkynes by Co2(CO)8 involving
dinuclear catalytic intermediates.
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1.7.8 Alkyne Cyclotrimerizations Catalyzed by Co2(CO)8
The Co2(CO)8-mediated cyclotrimerization of alkynes, first reported in the early 1960s by
Hubel, is a seminal example of a catalytic process thought to occur at a dinuclear active site
(Figure 34).103 Diphenylacetylene reacts at 100 °C in the presence of 3 mol%
Co2(CO)6(PhCCPh) (70), providing up to 95% yield of hexaphenylbenzene. Notably, the
catalytic process was observed to occur at significantly lower temperatures and in higher yields
than with other homoleptic carbonyl complexes of Fe, Ni, Mn, Mo, or W.
Though the mechanism of cyclotrimerization is not fully understood, it necessarily
involves the sequential coupling of three equivalents of alkyne at the catalyst (Figure 34).
Concerning the initial alkyne adduct, myriad examples of Co2(μ-alkyne) complexes have been
isolated, and they uniformly exhibit a perpendicular coordination of the alkyne across the Co–Co
bond. The addition of the second alkyne equivalent could potentially yield either an η4cyclobutadiene (73) or a cobaltacyclopentadiene (71) complex. In 1969, Ehmann excluded the
formation of cyclobutadienes using isotopic labeling experiments and observed product
isotopomers that were consistent with metallacyclic intermediates.104 It was not until 1999,
however, that Spicer presented a general synthesis of isolable, structurally characterized, and
catalytically relevant dicobaltacyclopentadiene complexes (71).105 In all isolated structures, the
two Co centers occupy unique environments with one Co atom incorporated into a
metallacyclopentadiene ring and the other engaged in a secondary η4-interaction with the dienyl
π-system.
A somewhat longer dispute persisted over the identity of the intermediate resulting from
the addition of the third alkyne equivalent (Figure 34). In several stoichiometric and catalytic
processes, the formation of “flyover” complexes (74) was observed. It was suggested as early as
1961 by Hubel that flyover complexes were catalyst decomposition products and not true
catalytic intermediates.103b This hypothesis was corroborated by stoichiometric reactivity studies
conducted by Spicer. For example, the catalytic cyclotrimerization of methylphenylacetylene
yields 90% of the 1,2,4-substituted arene product.105b Flyover complexes (74) can be isolated
from the product mixture; however, when they were resubjected to the catalytic conditions, they
were not found to be kinetically competent. Furthermore, the stoichiometric decomposition of
these complexes under an aerobic atmosphere yielded only the 1,3,5-regioisomer of the arene
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product. In light of these results it was suggested that arene complexes (72) were a more likely
formulation for the catalytic intermediate incorporating three equivalents of the alkyne.106
The Co2(CO)8-mediated cyclotrimerization reaction remains one of the only
demonstrations that metal–metal bonds can serve as well-defined active sites for a catalytic
process. There is significant experimental evidence that both Co centers are directly involved in
substrate binding at every stage of the catalytic process and that a relatively close Co–Co contact
(≤2.5 Å) is maintained. There are several potential impacts that the metal–metal bond may have
on the catalytic cyclotrimerization. The stabilization of the metallacyclic intermediate by the
second metal may facilitate the initial alkyne–alkyne oxidative coupling step and play a role in
controlling regioselectivity. These effects have also been described in related Pauson–Khand
reactions mediated by Co2(CO)8.107 Alternatively, the dinuclear nature of the catalyst may have a
detrimental effect by allowing the formation of stable off-cycle species, such as flyover
complexes. Elucidating the effect of catalyst nuclearity on activity and selectivity is particularly
challenging for simple metal carbonyl catalysts due to their inherent fluxionality in solution and
the inability to synthetically access closely related mononuclear and dinuclear complexes.

1.7.9 Evaluating Nuclearity Effects in Alkyne Cyclotrimerizations
In order to probe the effect of nuclearity on catalytic efficiency in alkyne
cyclooligomerizations, Uyeda utilized the [i-PrNDI]Ni2(C6H6) complex 18, which functions as a
well-defined, low-valent platform for studying reactions at a metal–metal bond (Figure 35).108
The Ni2 complex 18 effects the rapid and selective cyclotrimerization of terminal alkynes,
forming 1,2,4-substituted arene products. By comparison, a variety of mononickel catalysts
bearing analogous N-donor chelating ligands (75–78) were found to exhibit significantly lower
activity and generally afforded mixtures of products, including the 1,3,5-regioisomer,
cyclooctatetraenes, and linear oligomers. The most striking effect was observed in the
cyclotrimerization of methyl propargyl ether: the Ni2 catalyst 18 (1 mol% loading) provides
exclusively the 1,2,4-substituted arene 79 (98% yield) within minutes at room temperature.
Under the same set of conditions, mononickel catalysts uniformly afforded low conversions and
yielded <10% of the 1,2,4-arene product.
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Figure 1.35 A comparison of the Ni2 catalyst 18 and mononickel catalysts (75–78) in the
cyclotrimerization of methyl propargyl ether.108

Figure 1.36 Characterization of key intermediates in the Ni2-catalyzed alkyne
cyclotrimerization.
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The Ni2 catalyst 18 shares a similar set of proposed catalytic intermediates to the
Co2(CO)8-mediated cyclotrimerization reaction (Figure 36). Treatment of 18 with one equivalent
of a trialkylsilylacetylene yields an adduct (80) exhibiting perpendicular coordination of the
alkyne to the Ni–Ni bond. Addition of a second alkyne equivalent to 80 rapidly forms a
metallacyclic complex 81 analogous in structure to those that have been isolated from Co2(CO)8.
The most significant structural difference is the orientation of the metallacycle, which is bound
in an η4 fashion in the Co2 complex but is η2-coordinated in the Ni2 complex 81. According to
DFT calculations, this η2 interaction leads to an unsymmetrical distribution of electron density in
the butadienyl π-system, ultimately leading to high levels of regioselectivity in the incorporation
of the third alkyne equivalent. Metallacycle 81 was found to be a competent intermediate in the
formation of the 1,2,4-trisubstituted arene product 82. Collectively, these studies demonstrate
that nuclearity can have a significant impact on catalytic performance within a class of catalysts
bearing closely related supporting ligands. Furthermore, the unique electronic properties of the
dinuclear active site can be utilized to control various aspects of selectivity in multicomponent
cycloaddition reactions.
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Figure 1.37 (a) Catalytic hydrosilylations catalyzed by a dinuclear Ni2 complex. (b)
Characterization of a dinuclear silane adduct. (c) Five-center four-electron interaction in the
Ni2(R2SiH2) complex.109

1.7.10 Dinuclear Silane Activation and Catalytic Hydrosilylations
The Ni2 complex 18 reported by Uyeda is also a competent catalyst for hydrosilylation
reactions, accommodating a broad scope of polar and non-polar unsaturated systems (Figure
37a).109 Alkenes, internal alkynes, 1,3-dienes, aldehydes, ketones, and enones are viable
substrates using 1–5 mol% loading of 18 and Ph2SiH2 as a reaction partner. A notable
characteristic of the catalytic hydrosilylation reaction is a high degree of selectivity for
secondary over tertiary silanes, a feature that arises from the dinuclear nature of the catalyst
active site.
Ph2SiH2 was observed to reversibly coordinate with the Ni2 complex 18 in C6D6 solution,
forming an adduct (83) with apparent C2v symmetry by 1H NMR spectroscopy (Figure 41b). The
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silane adduct was characterized in the solid state by XRD and found to bind symmetrically
across the Ni–Ni bond with each Ni engaged in a Si–H interaction. According to DFT models,
this coordination mode is enabled by back-donation from the Ni–Ni dxy–dxy π-bonding orbital
into the LUMO of the silane (Figure 37c). The complex 18 can be viewed as an intermediate
state along the continuum between a σ-complex and a μ-silylene dihydride derived from a
double Si–H oxidative addition.110
These studies demonstrate that a metal–metal bond can be used in conjunction with a
redox-active ligand to activate substrates for catalysis. The three centered H–Si–H activation
capitalizes on orbital contributions from the filled Ni–Ni π-bonding combination as well as
charge transfer from the reduced NDI ligand π-system. This dual activation strategy is a
prerequisite for catalysis. Tertiary silanes, which are inherently incapable of interacting with the
metal–metal bond in this way, are unreactive in catalytic hydrosilylation reactions.

1.7.11 Catalytic Alkyne Cyclotrimerization at a Metal–Metal Multiple Bond
Recently, Tsai and Yu reported an unusual example of a catalytic process that takes place
at a metal–metal multiple bond (Figure 38). The Mo2 complexes 84 and 85 feature a metal–metal
quintuple bond supported by bulky amidinate ligands.111 The HOMO is δ-bonding in character
and is predominately projected above and below the Mo2N4 plane. Complex 85 undergoes a
formal [2 + 2]-cycloaddition with 3-hexyne to afford the adduct 86, in which the Mo–Mo bond
order is reduced to a quadruple bond.112 Terminal alkynes such as 1-hexyne undergo double
addition to 84, forming the six-membered metallacycle 87 with regioselectivity resulting from
head-to-tail coupling of the alkyne. Based on this stoichiometric reactivity, complexes 87 and 84
were found to be efficient catalysts for the cyclotrimerization of 1-hexyne, forming the 1,3,5trisubstituted arene product 99 in 88% isolated yield.
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Figure 1.38 Catalytic cyclotrimerization of 1-pentyne and stoichiometric additions of alkynes to
a Mo–Mo quintuple bond.111

1.9

Conclusions
Metal–metal bonds present unique opportunities in the search for new functionality in

molecular transition metal catalysts. Complexes featuring metal–metal bonds have
serendipitously been isolated from a number of catalytic reactions that were previously thought
to involve only mononuclear species. While these unexpected structures have attracted great
interest, elucidating their role in catalysis is non-trivial. In many cases, the rapid equilibration of
monomeric and dimeric complexes creates uncertainty about the true nature of the catalytically
active species. For example, while many Pd(I) dimers have been investigated in cross-coupling
reactions, they predominantly serve as inactive precursors to on-cycle monopalladium
complexes. Only recently has evidence of their involvement as catalytic intermediates emerged
in specific reactions involving challenging reductive eliminations. Likewise, in Pd-catalyzed C–
H functionalization reactions, both mononuclear Pd(IV)70-71 and dinuclear Pd(III)15 species can
be generated from Pd(II) metallacycles. Both formulations of high-valent Pd are viable in
stoichiometric C–X reductive elimination reactions, and their kinetic competence in catalysis
may vary depending on the specific set of substrates and reaction conditions.
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Since the discovery of the Re2Cl82– quadruple bond over fifty years ago,16b,17 extensive
synthetic tools have been developed, allowing metal–metal bonds to be configured between
many of the elements in the transition metal series. Of particular consequence is the development
of new multinucleating ligands that offer more precise control over the number and types of
metals that are incorporated into a complex. In parallel with these synthetic studies,
spectroscopic and computational methods have provided detailed insight into the electronic
structure principles underlying metal–metal bonding. In general, transition metal complexes
utilize frontier d-orbitals in order to interact with organic substrates and allow reactive
intermediates to be stabilized in the course of a catalytic cycle. When two transition metals form
a covalent bond, the canonical set of five d-orbitals expands to form a new set of ten dinuclear
orbitals with delocalized σ-, π-, and δ-bonding character. This large perturbation in electronic
structure can have a correspondingly large impact on the active site of a catalyst.
In this Perspective, we have highlighted cases where there is substantial evidence for the
involvement of metal–metal bonds in a catalytic process, emphasizing the impact of the metal–
metal interaction in tuning the activity and/or selectivity of a catalyst. A frontier in this area is
presented in the final section of this Perspective and involves designing well-defined
multinuclear platforms that can remain intact during a catalytic process. While the application of
multinuclear platforms in catalysis is still very much in its infancy, there is significant potential
for uncovering unique catalytic pathways that provide an enhancement relative to the
mononuclear systems that are currently being used in reaction methodology.
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CATALYTIC AZOARENE SYNTHESIS FORM ARYL
AZIDES ENABLED BY A DINUCLEAR NICKEL COMPLEX

2.1

Abstract
Azoarenes are valuable chromophores that have been extensively incorporated as

photoswitchable elements in molecular machines and biologically active compounds. Here, we
report a catalytic nitrene dimerization reaction that provides access to structurally and
electronically diverse azoarenes. The reaction utilizes aryl azides as nitrene precursors and
generates only gaseous N2 as a byproduct. By circumventing the use of a stoichiometric redox
reagent, a broad range of organic functional groups are tolerated, and common byproducts of
current methods are avoided. A catalyst featuring a Ni–Ni bond is found to be uniquely effective
relative to those containing only a single Ni center. The mechanistic origins of this nuclearity
effect are described.

2.2

Introduction
Azoarenes represent an important class of organic chromophores distinguished for their

ability to function as photoswitches.1 At equilibrium in the dark, azoarenes reside predominantly
in their thermodynamically preferred trans geometry; however, upon excitation at their π–π* or
n–π* absorption bands, a substantial fraction of the less stable cis form can be generated.2 This
isomerization has been utilized in molecular machines, probes, and therapeutics as a mechanism
to trigger conformational changes using incident visible or UV light.3 While early physical
studies of azoarene photoswitching behavior were conducted on simple model compounds,
including azobenzene itself,2a the motivation to incorporate these functionalities into more
complex systems necessitates the development of new synthetic methods that ideally achieve
N=N coupling under mild conditions, in high yield, and with broad substrate scope.
Certain classes of azoarenes are accessible by substitution reactions between nucleophilic
arenes and electrophilic diazonium ions; however, symmetrical azoarenes are more commonly
prepared by homodimerization methods that involve an oxidation state adjustment of a nitrogencontaining precursor, which then induces N=N bond formation.4 For example, anilines can be
oxidized with reagents such as KMnO4, MnO2, Ag2O, or O2/KOt-Bu to form azoarenes.5
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Alternatively, nitroarenes can be reductively coupled using Zn or a hydride source.6 Despite this
diversity of redox-based approaches, N=N coupling is commonly a low-yielding step in the
preparation of highly functionalized photoswitches. Furthermore, the limitations of current
methods can necessitate that additional synthetic manipulations be performed following
installation of the N=N bond to reach a given target molecule.7

Figure 2.1 (a) Design challenges associated with transition metal-catalyzed nitrene dimerization
reactions. (b) The identification of a dinuclear Ni catalyst for the conversion of aryl azides to
azoarenes.

In principle, many of these challenges may be addressed by considering an alternative
redox-neutral dimerization of a nitrene precursor. Free aryl nitrenes can be liberated from the
photolysis or pyrolysis of aryl azides.8 Singlet aryl nitrenes predominantly decompose by ringexpansion to form unstable dehydroazepines, which then undergo poorly defined polymerization
reactions. In competition with this process, intersystem crossing generates triplet nitrenes, which
can dimerize by N=N coupling but are often sufficiently reactive to abstract H-atoms from the
reaction medium to form anilines.
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Transition metal catalysis provides an avenue to achieve selective N=N coupling through
the intermediacy of metal-stabilized nitrenes (Figure 1). While M=NR complexes have been
extensively studied over the past few decades,9 systems that catalytically generate azoarenes are
rare, and methods that achieve broad scope and high efficiency have yet to emerge.10,11 Many
transition metal imides react with aryl azides to form tetrazene complexes that are resistant to N2
loss.12 Cenini first noted that azoarenes were generated as minor byproducts of benzylic C–H
amination reactions catalyzed by Co(porphyrin) complexes. Peters subsequently demonstrated
that an Fe catalyst bearing a trisphosphinesilyl (SiP3) ligand could achieve improved selectivities
for N=N coupling (up to 57% yield) over C–H abstraction for electronically neutral or electronrich aryl azides.10b Additionally, Groysman reported a Fe(OCt-Bu2Ph)2 complex, which
promotes the dimerization of ortho-disubstituted aryl azides (e.g., mesityl azide or 2,6diethylphenyl azide).10d Less hindered substrates form dimeric M2(μ-NAr)2 complexes that do
not undergo N=N coupling.
We postulated that Ni complexes might be capable of promoting the catalytic coupling of
aryl azides based on reactivity studies reported by Hillhouse. The (dtbpe)Ni=NMes complex
(dtbpe = 1,2-bis(di-tert-butylphosphino)ethane) was shown to react with mesityl azide at room
temperature to form azomesitylene.13 Despite the high yield of this stoichiometric process, the
strong binding of the Ar2N2 product to Ni(0) precluded catalytic turnover. Here, we report that a
dinuclear Ni complex (1)14 is capable of overcoming this challenge associated with product
inhibition, leading to the development of a general method for the catalytic dimerization of aryl
nitrenes.

2.3

A Comparison of Mononuclear and Dinuclear Ni Catalysts for Aryl Nitrene Dimerization
We initiated our studies by surveying Ni catalysts (Table 1) for the dimerization of a

model aryl azide substrate (2). Zero-valent Ni complexes bearing monodentate phosphine or
NHC ligands (entries 3–4) were found to be unsuitable as catalysts due to competing nitrene
transfer to the ligand. For example, Ph3P/Ni(COD)2 promoted significant conversion of aryl
azide 2 but yielded none of the desired azoarene. NMR analysis of the resulting reaction mixture
revealed the formation of a new organic species, which was assigned as the Ph3P=NAr product
(Ar = 4-trifluoromethylphenyl; 31P = 3.29 ppm)15 by comparison to an authentic sample prepared
from Ph3P and 2 in the absence of Ni. Similar observations were made using the IPr ligand.
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Measurable yields of azoarene 3 were obtained using Ni complexes of bidentate N-donor
ligands (Table 1, entries 5–6). For example, the [i-PrIP]Ni(COD) catalyst (4) provided 3 in 13%
yield after 1 h at room temperature (76% recovery of starting material). There is no additional
conversion after this time, even after heating at 80 °C for 1 h, suggesting that the catalyst is
susceptible to rapid inactivation. Accordingly, the catalytic reaction with [i-PrIP]Ni(COD) (4)
produces a new diamagnetic Ni complex (7), which could be independently synthesized in a
stoichiometric reaction between 4 (1.0 equiv) and aryl azide 2 (2.0 equiv). The identity of 7 was
assigned by XRD analysis as an azoarene π-complex (Figure 2). The bound azoarene adopts its
more stable trans geometry (C–N=N–C = 156.6(2)°), and the N=N distance (1.403(3) Å) is
elongated from the characteristic bond length of a free azoarene (N=N distance for azobenzene:
1.26 Å),16 suggesting a high degree of π-back-bonding from the electron-rich Ni center.
Consistent with studies reported by Hillhouse using the (dtbpe)Ni system,13 the stability of this
π-complex prevents catalytic turnover. When isolated [i-PrIP]Ni(Ar2N2) 7 is treated with 2 (20
equiv), no consumption of the aryl azide is observed.
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Table 2.1 Catalyst Comparison Studies. Conversions of 2 and yields of 3 were determined by 1H
NMR integration against an internal standard. b5 mol% Ni(COD)2 and 28 mol% PPh3. c5 mol%
Ni(COD)2 and 14 mol% IPr. d0.5 mol% catalyst 1.

entry

catalyst

conversion

yield

1

none

<2%

<2%

2

Ni(COD)2

24%

<2%

3b

Ni(COD)2 + PPh3

35%

<2%

4c

Ni(COD)2 + IPr

32%

<2%

5

[i-PrIP]Ni(COD)

(4)

24%

13%

6

[BPY]Ni(COD) (5)

23%

13%

7

[i-PrDAD]Ni(COD)

(6)

<2%

<2%

8

[i-PrNDI]Ni2(C6H6)

(1)

>98%

90%

9d

[i-PrNDI]Ni2(C6H6) (1)

>98%

96%

The dinuclear Ni catalyst 1 bears a structurally and electronically related nitrogen-based
donor set to complexes 4–6 but exhibits substantially higher catalytic efficiency for nitrene
dimerization. At 5 mol% loading, full conversion of aryl azide 2 to azoarene 3 (90% yield) is
achieved after 1 h at 22 °C. The catalyst loading can also be decreased to 0.5 mol% without
sacrificing catalytic efficiency (96% yield after 1 h at 22 °C).
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Table 2.2 Substrate Scope for the Catalytic N=N Coupling Reaction. Standard reaction
conditions: 22 °C for 2 h, 5 mol% of 1. Isolated yields were determined following purification
and are averaged over two runs. See Supporting Information for experimental details.
b
Modifications from standard reaction conditions: 80 °C. cModifications from standard reaction
conditions: 100 °C for 4 h. dModifications from standard reaction conditions: 10 mol% of 1.
e
NMR yield.
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Figure 2.2 (a) Synthesis and (b) solid-state structure of 7. Ni1–N1: 1.893(3) Å; Ni1–N2:
1.889(2) Å; N1–N2: 1.403(3) Å.

2.4

Substrate Scope for the Ni2-Catalyzed Nitrene Dimerization
The substrate scope of the catalytic nitrene dimerization reaction is illustrated in Table 2.

Both electron-rich and electron-deficient substrates undergo N=N coupling, with the rate of
reaction being accelerated by the presence of electron-withdrawing substituents. The presence of
strongly donating substituents (e.g. 12 and 22) has a moderately detrimental effect on yield. A
variety of common redox-sensitive functional groups are tolerated, including tertiary amines,
aryl halides, carbonyl derivatives, boronate esters, internal alkynes, electron-rich heterocycles,
and a ferrocene group. Mesityl azide represents the limit of steric hindrance that is tolerated by
the catalyst, requiring elevated temperatures and longer reaction times to reach full conversion
(100 °C for 4 h). Azoarenes derived from amino acid17 or terpene18 frameworks (e.g. 26–28) are
accessible by this method. Finally, the diazide starting material 29 undergoes selective
intramolecular N=N coupling to generate benzo[c]cinnoline (30) in 80% yield. Of note, the
conversion of 29 to 30 was previously carried out under photolysis conditions but required that
the reaction be conducted in a solid matrix to avoid competing C–H insertion and intermolecular
coupling.19
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Several of the results obtained by the catalytic nitrene dimerization protocol represent
significant improvements in yield over reported syntheses. For example, azoferrocene 25 was
studied as a light-switchable redox center20 and was prepared from lithioferrocene and N2O in a
low yield of 7%.21 By contrast, the dimerization of known azidoferrocene proceeds in >99%
yield using 1. The 2,6-difluoro-substituted azoarene 19, a high-performance photoswitch
exhibiting near quantitative isomerization, was previously synthesized by the oxidation of 2,6difluoroaniline with KMnO4 in 24% yield.5e Catalyst 1 affords 19 in 87% yield.

2.5

Applications to the Synthesis of Azoarene Polymers
Polymers containing azoarenes have been investigated as photoresponsive materials for

imaging, data storage, and electro-optic applications.22 A majority of azo polymers reported in
the literature incorporate the azoarene subunit as part of the polymer side chains. Materials
containing main-chain azo linkages, while less common, are attractive in that the conjugated
azoarenes can form highly conductive π-systems.23 Additionally, cis–trans isomerization enables
light stimuli to be used to trigger long-range conformational changes in the polymer. Due to the
synthetic challenge associated with utilizing N=N bond formation as a chain propagation step,24
most main-chain azo polymers are synthesized by alternative coupling strategies that rely on
monomer units containing the pre-generated azoarene functionality.25
In order to examine the polymerization activity of catalyst 1, we selected the diazide 31
as a model substrate (Figure 3). A related dinitrofluorene derivative was previously used to
synthesize an azopolymer by a reductive method.24b Addition of 31 to solutions of 1 (2 or 5
mol%) in toluene-d8 led to rapid monomer consumption and the formation of a deep red
polymeric material (32), which was isolated in high yield by precipitation from MeOH (76%
yield at 2 mol% loading of 1). The molecular weight distribution of polymer 32 is sensitive to
catalyst loading; for example, the average molecular weight is 18.1 kDa (PDI = 2.48) at 2 mol%
but approximately doubles to 41.4 kDa (PDI = 3.23) at 5 mol%. This result highlights the
potential for catalytic nitrene dimerization to be leveraged as a strategy to access tunable photoresponsive polymers containing main-chain azo bonds.
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Figure 2.3 Polymerization of 31 using catalyst 1.

2.6

Synthesis and Stoichiometric N=N Coupling Reactivity of a Ni2(μ-NAr) Complex
We next turned our attention to identifying catalytically relevant intermediates with the

goal of understanding the unique effectiveness of the Ni2 catalyst in the nitrene dimerization
reaction. Hindered aryl azides bearing large ortho substituents are ineffective as substrates for the
catalytic N=N coupling but provided an opportunity to characterize stable Ni2(NAr)x complexes.
Treatment of 1 with 2-tert-butylphenyl azide (1.0 equiv) in C6D6 causes an immediate
evolution of N2 gas, accompanied by the formation of a new paramagnetic brown species (33)
observable by 1H NMR spectroscopy (Figure 4a). Complex 33 undergoes gradual decomposition
when stored in solution at room temperature but is sufficiently stable at –30 °C to allow for
crystallization from a pentane/toluene solvent mixture. XRD analysis confirmed the identity of
33 as a μ-NAr complex (Figure 4b). The Ni–N distances are relatively short (1.777(3) and
1.775(3) Å), and the μ-N atom adopts a nearly planar geometry (Σ of the angles about N =
340.8(2)°). At room temperature, 33 exhibits a magnetic moment (µ = 1.77 µB by Evans method)
that is intermediate between the expected values for a singlet and a triplet state.26 Variabletemperature studies indicate that the 1H NMR chemical shifts become increasingly
paramagnetically shifted at lower temperatures with modest deviations from simple Curie
behavior. Taken together, the magnetic moment and VT data suggest that both the S = 0 and S =
1 states are sufficiently close in energy to be populated at room temperature.27 According to DFT
models (BP86/6-31G(d,p) level of theory), the triplet state is calculated to be lower in energy by
only 2.1 kcal/mol relative to the singlet state.
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Figure 2.4 (a) Synthesis and (b) solid-state structure of 33. Ni1–Ni2: 2.3356(7) Å; Ni1–N1:
1.777(3) Å; Ni1–N2: 1.775(3) Å. (c) Stoichiometric reactions of 33 with aryl azides.

The μ-NAr complex 33 is sufficiently hindered that it does not react with additional
equivalents of 2-tert-butylphenyl azide (Figure 4c); however, treatment of 33 with a smaller
reaction partner, 4-tolyl azide (5 equiv), provides the heterocoupled azoarene product 34 in 89%
yield. Excess quantities of 4-tolyl azide are required in this reaction to reach high yields of 34
due to the concurrent catalytic formation of homodimer 9 (81% yield, corresponding to 98%
total mass balance of converted 4-tolyl azide).
A key challenge associated with achieving efficient catalytic azoarene formation is the
propensity for mid-to-late transition metal imides to undergo competing H-atom abstraction from
the reaction medium.27b,28 This side process results in aniline products and may also decompose
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the catalyst through the formation of inactive M(NHAr) complexes. For example, the (SiP3)Fe
catalyst studied by Peters dimerizes 4-tolyl azide in 57% yield but generates 8% of toluidine as a
byproduct.10b Additionally, the isolable (SiP3)Fe(NAr) complex (Ar = 4-tolyl) was found to react
rapidly with H-atom donors such as 9,10-dihydroanthracene to yield mixtures of the
corresponding (SiP3)Fe(NHAr) complex and free ArNH2.

Figure 2.5 (a) Qualitative orbital interaction diagram highlighting three-centered π-bonding in
the Ni2(μ-NAr) fragment of 33. Molecular orbitals are shown for the S = 0 state. The labelled
HOMO and LUMO for the S = 0 state correspond to the two SOMOs in the S = 1 state. (b)
Mulliken spin density plot for 33 in the S = 1 state (BP86/6-31G(d,p)).

A notable feature of the Ni2(μ-NAr) complex 33 is its resistance toward undergoing Hatom abstraction reactions. While complex 33 is only metastable at room temperature, the rate of
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its decomposition is unaffected by the presence of 9,10-dihydroanthracene. Additionally, no
detectable amounts of ArNH2 side products were observed in any of the catalytic N=N coupling
reactions shown in Table 2.
The ability of a M(NAr) complex to engage in H-atom abstraction is often correlated with
significant imidyl radical character. For example, the (SiP3)Fe(NAr) complex in its intermediate
spin S = 3/2 state was calculated by DFT to localize a significant fraction of its total spin density
on the imido N-atom (0.82 electons).10b In the case of the Ni2(μ-NAr) complex 33 (Figure 5a), an
orbital corresponding to the μ-NAr lone pair could be located by DFT at HOMO–17 (195). The
relatively low energy of this orbital is attributed to the stabilizing influence of π-bonding
between the Ni–Ni fragment and the N p-orbital. The corresponding anti-bonding combination is
unfilled (LUMO), indicating a net three-centered, two-electron interaction. The calculated πbonding interaction is corroborated experimentally by the short Ni–N(Ar) distances and the
planar geometry of the μ-imido N atom observed in the XRD structure of 33. In the S = 1 state,
the two unpaired electrons are delocalized across the NDI π-system, the Ni–Ni bond, and the μNAr fragment such that only 9% of the total spin density is associated with the imido N-atom
(Figure 5b).
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Figure 2.6 (a) Synthesis and (b) solid-state structure of 36. Ni1–Ni2: 2.3751(7) Å; Ni1–N1:
1.815(2) Å; Ni1–N2: 1.814(2) Å; N1–N2: 1.378(3) Å.

2.7

Characterization of a Ni2(μ-N2Ar2) Complex and Implications for Product Inhibition.
The sterically hindered 2,6-diisopropylphenyl azide reagent 35 reacts in a 2:1

stoichiometry with 1 to generate a diamagnetic product (36), which was identified as an azoarene
adduct by XRD analysis (Figure 6a). Attempts to carry out the same reaction using a 1:1 ratio of
35 and 1 led to the formation of azoarene complex 36 in approximately 50% yield with the
remainder of the mass balance being recovered 1. This result indicates that the putative imido
intermediate is either more reactive than 1 with azide 35 or is unstable toward
disproportionation. Due to its steric hindrance, complex 36 does not react with additional
equivalents of 35 to catalytically release free azoarene.
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Figure 2.7 A comparison of qualitative orbital interaction diagrams highlighting two-electron
interactions between the Ar2N2 and Nix fragments for (a) the dinuclear Ni2(μ-N2Ar2) complex 36
and (b) the mononuclear Ni(N2Ar2) complex 7.

Azoarenes generally interact with low-valent late transition metals by adopting their more
stable trans configuration and forming π-complexes.29 In this context, the structure of 36 (Figure
6b) is unusual in that the azoarene is constrained to be in its higher energy cis geometry (C–
N=N–C = 52.2(3)˚) and binds through the two nitrogen lone pairs. The N–N bond distance
(1.378(3) Å) is significantly elongated relative to free azobenzene (N=N distance for
azobenzene: 1.26 Å16; N–N distance for N,N’-diphenylhydrazine: 1.39 Å30), suggesting that
there is significant back-donation from the Ni2 fragment into the π* orbital of the azoarene.
Previous examples of azoarene binding in the cis orientation are associated with d0 early
transition-metal complexes formulated as metalladiaziridines.31,32
DFT calculations using a model azobenzene complex provided further insight into the
nature of the interaction between the bound Ar2N2 fragment and the Ni–Ni bond in 36 (Figure
7a). HOMO–22 (166) corresponds to the anti-symmetric combination of nitrogen lone pairs,
which has appropriate symmetry to donate into the unfilled σ* orbital of the d9–d9 Ni–Ni bond.
Slightly higher in energy (180), a back-bonding interaction can be identified from a filled Ni–Ni
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δ* orbital into the π* orbital of the azoarene. The net effect of these interactions is a significant
reduction in the N=N bond order (Wiberg bond index = 1.18). By contrast, the metal–ligand
interactions in the monometallic Ni azoarene complex 7 are dominated by back-bonding between
the Ni d(x2–y2) and azoarene π* orbitals (Figure 7b).

2.8

Computational Studies of an N=N Coupling Pathway from a Ni2(μ-NAr)2 Intermediate
The N=N coupling step of the catalytic mechanism may proceed through a variety of

possible pathways, including external attack of a Ni2(μ-NAr) species by an aryl azide or the
formation of a Ni2(μ-N4Ar2) intermediate that undergoes N2 extrusion. Alternatively, a common
mode of reactivity for transition metal complexes and aryl azides is the formation of dimeric
bridging imido complexes.33 For example, a Fe(OCt-Bu2Ph)2 complex studied by Groysman
catalyzes the dimerization of mesityl azide; however, less hindered substrates, such as phenyl
azide, formed stable Fe2(μ-NAr)2 complexes that do not undergo N=N coupling.10d In light of
these results, we considered whether the constrained environment of the [NDI]Ni2 system, which
enforces a significantly shorter metal–metal distance, would promote effective N=N bond
formation from a bis(imido) intermediate.
By DFT (Figure 8), the putative Ni2(μ-NAr)2 intermediate A was calculated to be
modestly higher in energy (3.7 kcal/mol in the S = 0 state) relative to its isomeric azoarene
product C. A transition state corresponding to N=N coupling was located on both the singlet and
triplet surfaces leading to a perpendicularly coordinated azoarene intermediate B, which then
rotates to its more stable parallel orientation C, the geometry that is observed experimentally in
complex 20. The barrier to N=N coupling is remarkably low (10.1 kcal/mol), consistent with this
process being a fast step in the catalytic cycle. The initial bis(imido) species A and the transition
state for N=N coupling are lower in energy on the singlet surface, but a spin-crossing event
generates the more stable triplet complex B. Rotation of the azoarene ligand is then accompanied
by a second spin-state change to yield the diamagnetic, parallel-coordinated azoarene adduct C.
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Figure 2.8 (a) Calculated mechanism for N=N Bond-formation from a putative bis(imido)
intermediate (A) to generate the [NDI]Ni2(Ar2N2) complex C. Structures were modeled for Ar =
Ph. Energies are relative to the A in the singlet state. (b) 1H NMR spectra for the [iPr
NDI]Ni2(Ar2N2) complex: Ar = 4-tolyl (top, black); Ar = 2,6-diisopropylphenyl (bottom, red).
Signals corresponding to the naphthyridine doublets of the NDI ligand are indicated by asterisks.

While endothermic relative to C (+6.4 kcal/mol), the paramagnetic perpendicularly
coordinated azoarene adduct B is expected to be populated to a minor extent at room temperature
based on calculated thermodynamics. Accordingly, the 1H NMR spectrum for the azoarene
complex derived from 4-azotoluene (9) is broad at room temperature but resolves into a set of
well-defined peaks at temperatures below 250 K (Figure 8b). The energy gap between the
parallel and perpendicular rotamers can also be tuned through the introduction of orthosubstituents to the bound azoarene. For example, the 2,6-diisopropylphenyl derivative 36 is
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strictly diamagnetic at room temperature with no evidence of fluxional behavior. By DFT, the
addition of ortho-methyl groups to the bound azoarene causes the parallel orientation to be
favored by 14.3 kcal/mol.

2.9

Catalyst Resting State, Kinetics, and Thermodynamics of Ligand Substitution
The reactivity studies using 2,6-diisopropylphenyl azide suggest that the limiting factor

preventing the catalytic coupling of hindered substrates is displacement of the bound azoarene
product, rather than slow N=N coupling. In order to further probe this ligand substitution step,
we conducted kinetics experiments using a catalytically competent substrate, mesityl azide,
which forms azomesitylene (21) at a sufficiently slow rate to allow for convenient reaction
monitoring.
The homocoupling of mesityl azide proceeds to full conversion in the presence of 10
mol% 1 in C6D6 after 2 h at 75 °C. Throughout the reaction time course, the primary catalyst
resting state is a C2-symmetric diamagnetic species, which was assigned as the azoarene adduct
by analogy of its 1H NMR spectrum to that of 36. The reaction exhibits a strictly zero-order rate
dependence on mesityl azide up to approximately 70% conversion, after which, substrate
depletion results in a positive order regime. This kinetic behavior is consistent with a solventassisted ligand substitution process being favored over direct substitution of bound product by
the azide starting material (Figure 9).
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Figure 2.9 Proposed mechanism for the catalytic N=N coupling reaction.

Given the resistance of the mononickel azoarene adduct 7 to undergoing ligand
substitution, it was of interest to compare the thermodynamics of azoarene displacement for the
dinickel system. According to DFT models, the initial substitution of bound azoarene by C6H6 to
form free cis-azoarene is endothermic by 17.2 kcal/mol (Figure 10a); however, the ability of the
cis azoarene to isomerize to its more stable trans form recovers all but 3.3 kcal/mol of this
energy. Consequently, the overall substitution is nearly thermoneutral. This step of the
mechanism could be examined experimentally in the reverse direction by treating the Ni2(C6H6)
complex 1 with a stoichiometric amount of azoarene 21 (Figure 10b). In accordance with the
calculated thermodynamics of this process, the ligand substitution to generate azoarene adduct
37 is favorable and reaches full conversion. Due to the high thermal barrier for trans-to-cis
isomerization, the substitution requires heating and long reaction times (30 days at 80 °C). By
contrast, when mixtures of 1 and 21 are irradiated using a 254 nm light source, conditions known
to induced cis-trans isomerization, ligand substitution proceeds more rapidly (within 90 min at
room temperature). Collectively, these studies suggest that product inhibition is avoided in the
catalytic cycle due to (1) the inability of the more stable trans form of the azoarene to bind to the
catalyst and (2) the high barrier for thermal isomerization.
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Figure 2.10 (a) Calculated energetics of C6H6/Ph2N2 ligand substitution on the [NDI]Ni2
platform. (b) Ligand substitution using azomesitylene in the dark and under illumination in a
photobox (254 nm light source).

2.10 Conclusions
In summary, the dinuclear Ni complex 1 promotes the selective catalytic dimerization of
aryl azides to form azoarene products. This method requires no stoichiometric redox reagents
and generates only N2 as a byproduct, allowing functional groups sensitive to reduction or
oxidation to be tolerated. Mechanistic studies are consistent with the initial formation of a μ-NAr
intermediate, which then reacts with a second equivalent of an aryl azide to generate a μ-N2Ar2
adduct. The structure and reactivity of these putative intermediates suggest two key features of
the dinickel active site critical for efficient catalytic turnover. First, the reactive imido
intermediate is stabilized by π-interactions with the Ni–Ni bond, suppressing undesired H-atom
abstraction reactions. Second, the azoarene product is weakly coordinated to the Ni–Ni bond due
to an enforced high-energy cis-conformation. Ongoing studies are directed at exploiting the
unique electronic properties of dinuclear nitrene intermediates to address other challenges in
selective group transfer catalysis.
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A 1,2-ADDITION PATHWAY FOR C(SP2)–H
ACTIVATION AT A DINICKEL IMIDE

3.1

Abstract
A dinickel imido complex is synthesized using a redox-active naphthyridine–diimine

supporting ligand. Upon coordination of an external ligand, the Ni2 core is disrupted, triggering an
aromatic C–H activation reaction to generate a Ni2(μ-NHAr)(Ar) species. This intermediate is
capable of liberating free carbazole and phenanthridine products upon heating or treatment with
excess t-BuNC. Collectively, these studies establish a kinetically facile 1,2-addition mechanism
for C(sp2)–H activation, taking advantage of cooperative reactivity between two Ni centers.

3.2

Introduction
Transition metal nitrene (imido) complexes have attracted significant interest as synthetic

targets due to their proposed role in C–H amination reactions.1 Late transition metal terminal
nitrenes, relevant to several catalytic processes,2 are inherently challenging to isolate and
characterize due to the absence of strong metal–ligand multiple bonding. Nevertheless, noteworthy
examples have been reported using supporting ligands that provide steric protection and enforce
low coordination numbers.3 Mechanistic studies have revealed two predominant pathways by
which transition metal-bound nitrenes can insert into C–H bonds: concerted reactions involving a
three-centered transition state and stepwise sequences of H-atom abstraction followed by radical
recombination. In both mechanisms, the metal center participates electronically by supplying
oxidizing equivalents but does not directly interact with the C–H bond being cleaved. As a
consequence of this ligand-based mechanism, transition metal nitrenes often behave similarly to
free nitrenes, exhibiting selectivities that are highly correlated with relative C–H bond dissociation
energies.
Our group is interested in capitalizing on the electronic properties of metal–metal bonds to
uncover new mechanisms for organometallic transformations. In this context, we recently
described a [NDI]Ni2 (NDI = naphthyridine–diimine) platform capable of promoting redox
reactions across the Ni2 fragment by reversibly storing electron density in the NDI extended πsystem.4 Here, we report a structurally characterized Ni2 bridging imido complex that cleaves
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aromatic C–H bonds at room temperature by a 1,2-addition mechanism.5 This reactivity higlights
an organometallic C(sp2)–H activation pathway that takes advantage of the direct participation of
two metals and contrasts with the ligand-based mechanisms commonly observed using
mononuclear terminal imido complexes.

3.3

Synthesis and Characterization of a µ-NAr Imido Complex
We initiated our studies by pursuing the synthesis of a stable nitrene complex using an

organic azide precursor and the [i-PrNDI]Ni2(C6H6) complex (1) as a low-valent dinickel synthon.
Treatment of 1 with m-terphenylazide (1.0 equiv) results in the immediate evolution of N2 gas and
the clean formation of a new paramagnetic species (2), which undergoes gradual decomposition
to NMR-silent products when stored in C6D6 at room temperature (Figure 1a). Despite its
instability in solution, single crystals of 2 may be obtained from pentane at –30 °C, enabling its
unambiguous characterization by XRD as the authentic mononitrene species (Figure 1b). In the
solid state, the µ-NAr ligand is displaced from the mean [N4]Ni2 plane and symmetrically bridges
the two Ni centers. The Ni–N(Ar) distances are relatively short at 1.768(2) and 1.784(3) Å, and
the N(Ar) atom adopts a nearly planar geometry as measured by the sum of the angles around
nitrogen of 345.0(5)°. These metrics are suggestive of net π-bonding between the Ni–Ni bond and
the NAr ligand.
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Figure 3.1 (a) Synthesis and (b) solid-state structure of [i-PrNDI]Ni2(NAr) (2, Ar = 2,6(Ph)2C6H3-). Ni1–Ni2: 2.3415(9) Å (c) Variable temperature 1H NMR chemical shift data for 2
over a temperature range of 190–370 K with thermodynamic parameters for the spin equilibrium.

The µ-NAr complex 2 exhibits temperature-dependent paramagnetism in solution (Figure
1c).3b, 3f, 6 At 298 K, the effective magnetic moment was determined by the Evans method to be
1.64 µB, a value that is intermediate between the expected value for an S = 0 and an S = 1 state.
In order to probe this magnetic behavior, 1H NMR spectra of 2 were examined over a broad
temperature range of 190–370 K in toluene-d8. At low temperatures, the chemical shifts are
found near their diamagnetic range. At higher temperatures, the resonances become increasingly
paramagnetically shifted, indicating population of a higher spin state. Thermodynamic
parameters for the spin equilibrium were extracted by modeling these data according to a mixture
of singlet and triplet states. The enthalpy term is relatively small and favors the singlet by 10.0 ±
0.3 kJ/mol; the triplet is favored entropically by 30 ± 1 J/mol•K, leading to its predominance at
higher temperatures. The three most paramagnetically-shifted 1H NMR resonances appear at 29,
22, and –45 ppm at 370 K and were assigned as the imine methyl substituent and naphthyridine
protons. The large shift in these peaks implicates the redox-active π-system of the NDI ligand as
a significant contributor to overall spin density in the triplet state.
DFT calculations provide insight into the bonding between the imido and Ni2 fragments
in complex 2 (Figure 2a). In the S = 0 state, the Ni–Ni π-bonding combination mixes with the
unhybridized N(Ar) p-orbital to form a three-center, two-electron π-interaction polarized toward
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nitrogen. The corresponding Ni2–NAr anti-bonding combination is the LUMO for the complex.
The HOMO is Ni–Ni(π*) in character and is delocalized into the π-system of the NDI ligand. In
the S = 1 state, an electron is promoted from the HOMO to the LUMO, resulting in spin density
that is distributed over the NDI ligand, the Ni–Ni bond, and the nitrogen p-orbital (Figure 2b).

Figure 3.2 (a) Select Kohn-Sham orbitals for 2 highlighting interactions relevant to bonding in
the Ni2(µ-NR) fragment. (b) A spin-density plot for the S = 1 spin state of 2.

3.4

An Intramolecular 1,2-Addition Mechanism for C(sp2)–H Activation
Attempts to induce nitrene transfer from 2 led to the observation of a competing

intramolecular C(sp2)–H activation process (Figure 3a).7 The reaction of 2 with t-BuNC yields a
C1-symmetric product 3, assigned by XRD as the aryl amido complex resulting from 1,2-addition
of an ortho C–H group across a Ni–(µ-NAr) bond (Figure 3b). The N(H)(Ar) atom maintains its
bridging configuration but exhibits elongated Ni–N distances (1.93(1) and 1.850(9) Å) relative to
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the imido precursor 2. The isonitrile and the aryl ligands are terminally coordinated to different Ni
centers and located in the [N4]Ni2 plane. The Ni–Ni distance is elongated to 3.041(2) Å, suggesting
a substantial weakening of the metal–metal interaction. At room temperature, no detectable
magnetic moment is observed for 3, and a majority of the 1H NMR resonances fall within the
diamagnetic envelope; however, the presence of three upfield-shifted signals at –5, –9, and –13
ppm suggests a small degree of mixing from a higher-energy triplet state. According to the variable
temperature 1H NMR data, the triplet is disfavored enthalpically by 15.3 ± 0.2 kJ/mol, and 89% of
3 is in its singlet state at room temperature (Figure 3c).

Figure 3.3 (a) An isonitrile-induced 1,2-addition of a C–H bond from 2. (b) Solid-state structure
of 3. (c) Variable temperature 1H NMR chemical shift data for 3 over a temperature range of
190–370 K with thermodynamic parameters for the spin equilibrium. (d) Kinetic isotope effects
measurement for the C–H activation using the H/D-competition substrate 2-d5.

The observed reactivity of 2 is unusual in that transition metal imido complexes,
regardless of their nuclearity, are generally found to react with isonitriles by simple nitrene
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transfer to form carbodiimides. For example, Hillhouse8 and Warren9 reported the synthesis of
Ni2(µ-NAr) species that cleanly react with t-BuNC to generate the corresponding t-BuNCNAr
product in high yield. We hypothesized that the constrained dinuclear environment enforced by
the NDI chelating ligand might be serving to disfavor migratory insertion of isonitrile and
instead place an aromatic C–H bond in a favorable orientation to undergo activation. As a point
of comparison, the dimeric [(bpy)Ni(µ-NAr)]2 complex 4 bears the same m-terphenylimido
fragment as that found in 2 but cleanly reacts with t-BuNC to form the carbodiimide 5 (91%
yield) with no detectable C–H activation products.

Figure 3.4 (a) Solid-state structure of 4 (Ni1–Ni2: 2.8201(5) Å). (b) Nitrene transfer reactivity
with t-BuNC to form the carbodiimide product 5.

In order to further probe the mechanism of the C–H activation, the nitrene complex 2-d5,
containing isotopically differentiated phenyl substituents, was prepared (Figure 3d). Upon
treatment with t-BuNC (1.0 equiv), a mixture of two isotopomers was obtained, and a kH/kD of
5.1 was determined from the product ratio. The large primary kinetic isotope effect (KIE) value
is indicative of C–H bond cleavage in the rate-determining transition state. By contrast, KIE
values of ≤1.7 have been observed in catalytic C(sp2)–H amination reactions that are proposed to
involve an electrocyclization mechanism where C–N bond formation is followed by a rapid 1,2hydride shift.10
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Figure 3.5 Calculated reaction coordinate for the C–H activation reaction. Free energies (ΔG) on
the singlet surface are shown in kJ/mol (ΔG values on the triplet surface are in square brackets).
All ΔG values are relative to the energy of A in the singlet state. The i-Pr groups on the NDI
ligand and the t-Bu group on the isonitrile were truncated to methyl groups.

The elementary steps in the 1,2-addition pathway were further examined using DFT
calculations (Figure 5). The initial coordination of the isonitrile ligand is highly exothermic and
induces cleavage of the Ni–Ni bond (Ni–Ni: 3.17 Å in intermediate A). In order to satisfy its
coordination sphere, the Ni center not bearing the isonitrile forms an η2 interaction with one of
the phenyl groups of the m-terphenylimido ligand. C–H activation is preceded by reorientation of
the phenyl group to form a C–H σ-complex (B), which is 23.6 kJ/mol higher in energy. From
intermediate B, the activation energy for 1,2-addition is only 27.6 kJ/mol, corresponding to an
overall barrier of 51.2 kJ/mol from A to TS1. The initial amido aryl intermediate C is nearly
isoenergetic to A but is capable of rotating to the more stable isomer D, which corresponds
closely to the XRD structure of complex 3. By comparing the zero-point vibrational energies for
the C–H and C–D activation processes, a KIE value of 4.5 was calculated, in agreement with the
value obtained experimentally. The pathway leading to carbodiimide formation was also
calculated, and the barrier to migratory insertion of isonitrile into the Ni–(µ-NAr) bond was
found to be 48.5 kJ/mol higher in energy than the C–H activation barrier.
The 1,2-addition of a C–H bond to a M=NR species has only previously been observed
for coordinatively unsaturated Ti(IV)11 and Zr(IV)12 imides. For these early transition metal
complexes, the thermodynamic driving force to maintain a d0 electronic configuration imposes
prohibitive barriers to C–N reductive elimination. Motivated by the observation of 1,2-addition
reactivity in a late transition metal system, we examined the possibility of generating C–H
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aminated products from 3 (Figure 6). Addition of excess t-BuNC to 3 causes the immediate
release of the phenanthridin-6(5H)-imine 6, which undergoes tautomerization over 1 h at room
temperature to form the more stable phenanthridine product 7 (90% yield). Alternatively,
thermolysis of 3 in C6D6 at 80 °C for 5 d generates a mixture of 7 and 1-phenylcarbazole (8),13
indicating that the direct C–N reductive elimination competes with migratory insertion of tBuNC. Following the thermal reaction, [i-PrNDI]Ni2(C6D6) (1) is regenerated in 43% yield,
demonstrating a complete synthetic cycle for the conversion of m-terphenylazide to aminated
heterocycle products.14 We hypothesized that the use of an alternative coordinating ligand,
incapable of undergoing migratory insertion, might yield exclusively the carbazole product (8).
Accordingly, addition of pyridine (4 equiv) to 2 produces a C–H activated complex (9), which,
upon heating at 110 °C for 24 hours, eliminates 8 in 89% yield.

Figure 3.6 Thermal and t-BuNC-induced reductive elimination reactions to generate carbazole
and phenanthridine products.

3.5

Conclusion
In summary, we have identified an isolable dinickel bridging imido complex (2) capable

of accessing diamagnetic and paramagnetic states through thermally induced spin crossover. Upon
coordination of an external ligand such as t-BuNC, the Ni–Ni interaction is destabilized, initiating
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a kinetically facile aromatic C–H bond activation by a 1,2-addition mechanism. This reactivity can
be coupled with reductive elimination reactions to achieve high-yielding syntheses of carbazole
and phenanthridine heterocycles. Together, these studies demonstrate that multinuclear nitrenes,
often viewed as being relatively inert compared to their terminal counterparts, can access unique
pathways for functionalizing C–H bonds.
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2

1. General Information
General Considerations. All manipulations were carried out using standard Schlenk or
glovebox techniques under an atmosphere of N2. Solvents were dried and degassed by passing
through a column of activated alumina and sparging with Ar gas. Deuterated solvents were
purchased from Cambridge Isotope Laboratories, Inc., degassed, and stored over activated 3 Å
molecular sieves prior to use. All other reagents and starting materials were purchased from
commercial vendors and used without further purification unless otherwise noted. Liquid
reagents were degassed and stored over activated 3 Å molecular sieves prior to use. Elemental
analyses were performed by Midwest Microlab (Indianapolis, IN). The [i-PrNDI]Ni2(C6H6)
complex (1), was prepared according to previously reported procedures.1
Physical Methods. 1H NMR spectra were collected at room temperature on Varian INOVA
600 or 300 MHz or Bruker DRX 500 MHz spectrometers. 1H and 13C NMR spectra are reported
in parts per million relative to tetramethylsilane, using the residual solvent resonances as an
internal standard. GC/MS data was collected on a Shimadzu GC-2010/MS-QP2010 spectrometer
containing a mini-bore capillary GC column and single quad EI detector. UV–vis measurements
were acquired on a Perkin Elmer Lambda 950 UV–VIS–NIR spectrophotometer using a 1-cm
two-window quartz cuvette. High-resolution mass data were obtained using a 6320 Ion Trap MS
system.
X-Ray Crystallography. Single-crystal X-ray diffraction studies were carried out at the
Purdue X-ray crystallography facility using a Rigaku Rapid II diffractometer or a Bruker AXS
D8 Quest CMOS diffractometer.
Procedure for XRD data collected using the Rigaku Rapid II instrument. Single crystal X-ray
measurements were conducted on a Rigaku Rapid II curved image plate diffractometer with a
Cu-K X-ray microsource ( = 1.54178 Å) with a laterally graded multilayer (Goebel) mirror for
monochromatization. Single crystals were mounted on Mitegen microloop mounts using a trace
of mineral oil and cooled in-situ to 150(2) K for data collection. Data were collected using the
dtrek option of CrystalClear-SM Expert 2.1 b32.2 Data were processed using HKL3000 and data
were corrected for absorption and scaled using Scalepack.3
Procedure for XRD data collected using the Bruker Quest instrument. Single crystals were
coated with mineral oil or fomblin and quickly transferred to the goniometer head of a Bruker
Quest diffractometer with kappa geometry, an I-μ-S microsource X-ray tube, laterally graded
multilayer (Goebel) mirror single crystal for monochromatization, a Photon2 CMOS area
detector and an Oxford Cryosystems low temperature device. Examination and data collection
were performed with Cu K radiation (λ = 1.54178 Å) at 100 K. Data were collected, reflections
were indexed and processed, and the files scaled and corrected for absorption using APEX3.4
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Structure Solution and Refinement. The space groups were assigned and the structures were
solved by direct methods using XPREP within the SHELXTL suite of programs5 and refined by
full matrix least squares against F2 with all reflections using Shelxl20166 using the graphical
interface Shelxle.7 If not specified otherwise H atoms attached to carbon and nitrogen atoms
were positioned geometrically and constrained to ride on their parent atoms, with carbon
hydrogen bond distances of 0.95 Å for and aromatic C-H, 1.00, 0.99 and 0.98 Å for aliphatic CH, CH2 and CH3 moieties, respectively. Methyl H atoms were allowed to rotate but not to tip to
best fit the experimental electron density. Uiso(H) values were set to a multiple of Ueq(C) with 1.5
for CH3, and 1.2 for C-H units, respectively. Additional data collection and refinement details,
including description of disorder and/or twinning (where present) can be found in Section 9.
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2. N=N Coupling Catalyst Comparison Studies

General procedure. In an N2 filled glovebox, an NMR tube equipped with a J. Young valve
was charged with catalyst (0.0015 mmol, 5 mol %) and C6H6 (550 µL). A solution of 4trifluoromethylphenylazide 2 (50 µL of a 0.60 M stock solution in C6D6 containing 0.41 M 1,3,5trimethoxybenzene, 0.3 mmol, 1.0 equiv) was added. The reaction components were allowed to
react for 1 h, and the yield of the azoarene product was determined by 1H NMR integration
against 1,3,5-trimethoxybenzne as an internal standard. In all cases, no additional conversion or
yield of azoarene was observed after 2 h or after heating for an additional hour at 80 °C. For
entries 3 and 4, the catalyst was formed by mixing the corresponding ligand (28% and 14% for
PPh3 and i-PrIPr respectively) with Ni(COD)2 (5 mol%). For entry 9, 0.5 mol% 1 was used.
entry
1
2
3
4
5
6
7
8
9

catalyst
none
Ni(COD)2
Ni(COD)2 + PPh3
Ni(COD)2 + IPr
[i-PrIP]Ni(COD) (4)
[BPY]Ni(COD) (5)
[i-PrDAD]Ni(COD) (6)
[i-PrNDI]Ni2(C6H6) (1)
[i-PrNDI]Ni2(C6H6) (1)

conversion
<2%
24%
35%
32%
24%
23%
<2%
>98%
>98%

yield
<2%
<2%
<2%
<2%
13%
13%
<2%
90%
96%

Identification of reaction products in entries 3 and 4. To determine the identity of the
products formed in entries 3 and 4, 2 was reacted with the PPh3 and IPr ligands respectively.
Both reactions immediately evolved N2 gas, leading to the formation of the respective nitrene
transfer products, [i-PrIPr]=NAr and Ph3P=NAr.8 1H, 19F, and 31P (for entry 3) NMR spectra
confirmed that the group transfer products formed in these stoichiometric reactions were the
same as those formed in the catalytic reactions of entries 3 and 4.
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Figure S1. 31P NMR comparison of the stoichiometric reaction between i-PrIPr and 2 (top) and
the catalytic reaction mixture from entry 3 (bottom).

Figure S2. 19F NMR comparison of the stoichiometric reaction between i-PrIPr and 2 (top) and
the catalytic reaction mixture from entry 4 (bottom).
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3. Synthesis of Azides and Characterization of Novel Azide Compounds

General Procedure for azidification of pinacolborane.9 Pinacol boranes were synthesized
from the corresponding aryl triflates according to a previously reported procedure. 10 To the aryl
pinacol boronate (1.0 equiv) in MeOH (5 mL/mmol) was added NaN3 (1.5 equiv) and
Cu(OAc)2 (0.1 equiv). The solution was vigorously stirred at 55 °C under air for 24 hours. The
mixture was filtered through celite and concentrated. The residue was purified by silica gel
column chromatography.
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Compound S1. Synthesized according to the general procedure using crude (S)-methyl 2(dimethylamino)-3-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)phenyl)propanoate (1.21 g, 3.63
mmol). Isolated yields were determined following column chromatography (SiO2, 15%
EtOAc/hexanes). The product was isolated as an orange solid. (0.187 g, 0.753 mmol 21% yield).
1
H NMR (800 MHz, CDCl3) δ 7.18 (d, J = 8.0 Hz, 2H), 6.94 (d, J = 8.7 Hz, 2H), 3.61 (s, 3H),
3.38 (dd, J = 9.4, 5.8 Hz, 1H), 3.08 – 2.86 (m, 2H), 2.38 (s, 6H). 13C{1H} NMR (201 MHz,
CDCl3) δ 171.70, 138.18, 134.91, 130.42, 119.00, 69.50, 51.10, 41.84, 35.09. HRMS(ESI): calcd
for C12H17N4O2+: 249.1346; found: 249.1344.

Figure S3. 1H NMR spectrum of S1 in CDCl3.
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Figure S4. 13C{1H} NMR spectrum of S1 in CDCl3.
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Compound S2. Synthesized according to the general procedure using 3-deoxyestrone-3boronic acid pinacol ester (0.5267 g, 1.38 mmol). The isolated yield was determined following
column chromatography (SiO2, 10% EtOAc/hexanes) to yield a light-yellow oil (0.511g, >99%
yield). 1H NMR (800 MHz, CDCl3) δ 7.27 (d, J = 8.1 Hz, 1H), 6.82 (dd, J = 8.5, 2.5 Hz, 1H),
6.76 (dd, J = 2.5, 1.2 Hz, 1H), 2.90 (dd, J = 9.2, 4.2 Hz, 2H), 2.51 (dd, J = 9.3, 8.7 Hz, 1H), 2.43
– 2.38 (m, 1H), 2.31 – 2.24 (m, 1H), 2.19 – 2.11 (m, 1H), 2.10 – 2.00 (m, 2H), 2.00 – 1.94 (m,
1H), 1.67 – 1.56 (m, 2H), 1.56 – 1.48 (m, 3H), 1.48 – 1.41 (m, 1H), 0.97 – 0.87 (m, 3H).
13
C{1H} NMR (201 MHz, CDCl3) δ 220.62, 138.31, 137.41, 136.67, 126.77, 119.11, 116.48,
50.40, 47.93, 44.12, 38.10, 35.82, 31.52, 29.37, 26.31, 25.79, 21.57, 13.83. HRMS(ESI): calcd
for C18H22N3O+: 296.1757; found: 296.1760.

Figure S5. 1H NMR spectrum of S2 in CDCl3.
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Figure S6. 13C{1H} NMR spectrum of S2 in CDCl3.

103

Compound S3. Synthesized according to the general procedure using crude 4,4,5,5Tetramethyl-1,3,2-dioxaborolane δ-tocopherol (1.2 g, 2.34 mmol). Isolated yields were
determined following column chromatography (SiO2, 10% CH2Cl2/hexanes). The product was
isolated as a colorless oil (0.624 g, 62% yield). 1H NMR (800 MHz, C6D6) δ 6.61 (s, 1H), 6.50
(s, 1H), 2.32 (t, J = 6.9 Hz, 2H), 2.12 (s, 3H), 1.55 – 1.09 (m, 23H), 1.07 (s, 3H), 0.94 – 0.85 (m,
12H). 13C{1H} NMR (201 MHz, C6D6) δ 149.51, 130.47, 127.93, 121.50, 119.28, 117.14, 75.78,
39.94, 39.39, 37.54, 37.47, 37.43, 37.36, 32.88, 32.67, 30.82, 27.98, 24.92, 24.58, 23.70, 22.55,
22.46, 22.07, 20.92, 19.63, 19.51, 15.88. HRMS(ESI): calcd for [C27H45N3O+] - N2 + H:
400.3574; found: 400.3572. The temperature required to vaporize the sample resulted in the loss
of N2 from the azide.

Figure S7. 1H NMR spectrum for S3 in CDCl3.
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Figure S8. 13C{1H} NMR spectrum for S3 in CDCl3.
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4. Catalytic N=N Coupling Reactions and Azoarene Characterization Data

General procedure for the synthesis of azoarenes from aryl azides. In an N2 filled
glovebox, a 20-mL vial was charged with 1 (11.0 mg, 0.015 mmol, 5 mol%), C6H6 (3.0 mL), and
a magnetic stir bar. A solution of the aryl azide (0.3 mmol, 1.0 equiv) dissolved in C6H6 (3.0 mL)
was added. The vial was sealed, and the reaction mixture was stirred at room temperature. After
2 h, the reaction vial was opened to air and stirred for 30 min in order to quench the catalyst. The
solution volume was reduced by half under reduced pressure, and the crude mixture was directly
loaded onto a SiO2 column. Isolated yields were determined following purification.
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Azoarene 3.11 The reaction was conducted according to the general procedure using 4trifluoromethylphenyl azide (56.1 mg, 0.3 mmol, 1.0 equiv). Isolated yields were determined
following column chromatography (SiO2, 1% EtOAc/hexanes). The product was isolated as an
orange solid. Run 1: 45.5 mg, 96% yield; Run 2: 43.6 mg, 92% yield. 1H NMR (400 MHz,
CDCl3) δ 8.04 (d, J = 8.2 Hz, 4H), 7.81 (d, J = 8.3 Hz, 4H). 19F NMR (300 MHz, CDCl3) δ 63.85. 13C{1H} NMR (201 MHz, CDCl3) δ 154.07, 132.97 (q, J = 32.6 Hz), 126.41 (q, J = 3.8
Hz), 123.79 (q, J = 272.4 Hz), 123.32.

Figure S9. 1H NMR spectrum for 3 in CDCl3.
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Figure S10. 19F NMR spectrum for 3 in CDCl3.

Figure S11. 13C{1H} NMR spectrum for 3 in CDCl3.
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Azoarene 8.11 The reaction was conducted according to the general procedure using 4chlorophenyl azide (46.1 mg, 0.3 mmol, 1.0 equiv). Isolated yields were determined following
column chromatography (SiO2, 0-3% EtOAc/hexanes). The product was isolated as an orange
solid. Run 1: 34.7 mg, 92% yield; Run 2: 32.4 mg, 86% yield. 1H NMR (300 MHz, CDCl3) δ
7.86 (d, J = 8.8 Hz, 4H), 7.49 (d, J = 8.8 Hz, 4H). 13C{1H} NMR (101 MHz, CDCl3) δ 150.68,
137.12, 129.29, 124.08.

Figure S12. 1H NMR spectrum for 8 in CDCl3.
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Figure S13. 13C{1H} NMR spectrum for 8 in CDCl3.
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Azoarene 9.11 The reaction was conducted according to the general procedure using 4methylphenyl azide (39.9 mg, 0.3 mmol, 1.0 equiv). Isolated yields were determined following
column chromatography (hexanes). The product was isolated as an orange solid. Run 1: 29.3mg,
93% yield; Run 2: 28.7 mg, 91% yield. 1H NMR (300 MHz, CDCl3) δ 7.81 (d, J = 7.6 Hz, 4H),
7.31 (d, J = 7.8 Hz, 4H), 2.43 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ 150.72, 141.08,
129.59, 122.60, 21.37.

Figure S14. 1H NMR spectrum for 9 in CDCl3.
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Figure S15. 13C{1H} NMR spectrum for 9 in CDCl3.
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Azoarene 10.12 The reaction was conducted according to the general procedure using 4-tertbutylphenyl azide (52.6 mg, 0.3 mmol, 1.0 equiv). Isolated yields were determined following
column chromatography (SiO2, 1% EtOAc/hexanes). The product was isolated as an orange
solid. Run 1: 42.5mg, 96% yield; Run 2: 41.1 mg, 94% yield. 1H NMR (300 MHz, CDCl3) δ
7.85 (d, J = 8.9 Hz, 4H), 7.53 (d, J = 8.9 Hz, 4H), 1.38 (s, 18H). 13C{1H} NMR (101 MHz,
CDCl3) δ 154.11, 150.65, 125.85, 122.32, 34.88, 31.18.

Figure S16. 1H NMR spectrum for 10 in CDCl3
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Figure S17. 13C{1H} NMR spectrum for 10 in CDCl3.
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Azoarene 11.13 The reaction was conducted according to the general procedure using 4(methoxy)phenyl azide (44.7 mg, 0.3 mmol, 1.0 equiv). Isolated yields were determined
following column chromatography (SiO2, 0-3% EtOAc/hexanes). Run 1: 25 mg, 75% yield; Run
2: 28mg, 77% yield. 1H NMR (300 MHz, CDCl3) δ 7.89 (d, J = 9.0 Hz, 4H), 7.01 (d, J = 8.9 Hz,
4H), 3.89 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.47, 147.00, 124.25, 114.08, 55.47.

Figure S18. 1H NMR spectrum for 11 in CDCl3.
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Figure S19. 13C{1H} NMR spectrum for 11 in CDCl3.
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Azoarene 12.14 The reaction was conducted according to the general procedure using 4(N,N′-dimethyl)penyl azide (48.7 mg, 0.3 mmol, 1.0 equiv). Isolated yields were determined
following column chromatography (SiO2, 10% EtOAc/hexanes). Run 1: 20 mg, 50% yield; Run
2: 19 mg 48% yield. 1H NMR (300 MHz, CDCl3) δ 7.81 (d, J = 9.1 Hz, 4H), 6.76 (d, J = 9.2 Hz,
4H), 3.06 (d, J = 0.6 Hz, 12H). 13C{1H} NMR (201 MHz, CDCl3) δ 151.50, 144.12, 123.97,
111.76, 40.43.

Figure S20. 1H NMR spectrum for 12 in CDCl3.
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Figure S21. 13C{1H} NMR spectrum for 12 in CDCl3.
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Azoarene 13.15 The reaction was conducted according to the general procedure using 4(trimethylsilylethynyl)phenyl azide (65 mg, 0.3 mmol, 1.0 equiv). Isolated yields were
determined following column chromatography (SiO2, 1% EtOAc/hexanes). Run 1: 46 mg, 82%
yield; Run 2: 51 mg 91% yield. 1H NMR (300 MHz, CDCl3) δ 7.85 (d, J = 8.4 Hz, 4H), 7.60 (d,
J = 8.5 Hz, 4H), 0.29 (s, 18H). 13C{1H} NMR (101 MHz, CDCl3) δ 151.75, 132.71, 125.92,
122.76, 104.47, 97.22, -0.20.

Figure S22. 1H NMR spectrum for 13 in CDCl3
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Figure S23. 13C{1H} NMR spectrum for 13 in CDCl3.
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Azoarene 14. The reaction was conducted according to the general procedure using N-(4azidophenyl)-N-methylacetamide (44.3 mg, 0.22 mmol, 1.0 equiv). The product was isolated
without chromatography by the following workup procedure: after opening the vial to air and
stirring, the solution was filtered through a glass fiber pad and the solvent was removed. The
solid residue was then washed with 5 mL hexane and dried to yield a brown-orange solid. Run 1:
39.3 mg, >99% yield; Run 2: 41.0 mg, >99% yield. 1H NMR (300 MHz, CDCl3) δ 7.98 (d, J =
8.2 Hz, 4H), 7.36 (d, J = 8.7 Hz, 4H), 3.34 (s, 6H), 1.98 (s, 6H). 13C{1H} NMR (201 MHz,
CDCl3) δ 170.26, 151.23, 146.96, 127.75, 124.19, 37.14, 22.58. HRMS(ESI): calcd for
C26H28N4O4+: 325.1665; found: 325.1675.

Figure S24. 1H NMR spectrum for 14 in CDCl3.

121

Figure S25. 13C{1H} NMR spectrum for 14 in CDCl3.
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Azoarene 15.14 The reaction was conducted according to the general procedure using methyl
4-azidobenzoate (46.1 mg, 0.3 mmol, 1.0 equiv). The product was isolated without
chromatography by the following workup procedure: after opening the vial to air and stirring, the
solution was filtered through a glass fiber pad and the solvent was removed. The solid residue
was then washed with 5 mL hexane and dried to yield a brown-orange solid. Run 1: 46.2 mg,
>99% yield; Run 2: 45.4 mg, >99% yield. 1H NMR (300 MHz, CDCl3) δ 8.21 (d, J = 8.6 Hz,
4H), 7.99 (d, J = 8.3 Hz, 4H), 3.97 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ 166.29, 154.81,
132.31, 130.57, 122.80, 52.30.

Figure S26. 1H NMR spectrum for 15 in CDCl3.
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Figure S27. 13C{1H} NMR spectrum for 15 in CDCl3.
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Azoarene 16.16 The reaction was conducted according to the general procedure using 4(pinacolboronato)phenyl azide (73.5 mg, 0.3 mmol, 1.0 equiv) and toluene as the solvent. The
product was isolated without chromatography by the following workup procedure: after opening
the vial to air and stirring, the solution was filtered through a glass fiber pad and the solvent was
removed. The solid residue was then washed with 5 mL hexane and dried to yield a brownorange solid. Run 1: 65.1 mg, >99% yield; Run 2: 65.0 mg, 99% yield. 1H NMR (400 MHz,
CDCl3) δ 7.96 (d, J = 8.3 Hz, 4H), 7.90 (d, J = 8.2 Hz, 4H), 1.37 (s, 24H). 13C{1H} NMR (101
MHz, CDCl3) δ 154.27, 135.52, 121.94, 83.97, 24.80.

Figure S28. 1H NMR spectrum for 16 in CDCl3.
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Figure S29. 13C{1H} NMR spectrum for 16 in CDCl3.
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Azoarene 17.16 The reaction was conducted according to the general procedure using 3(pinacolboronato)phenylazide (73.5 mg, 0.3 mmol, 1.0 equiv.) and toluene as the solvent. The
product was isolated without chromatography by the following workup procedure: after opening
the vial to air and stirring, the solution was filtered through a glass fiber pad and the solvent was
removed. The solid residue was then washed with 5 mL hexane and dried to yield a brownorange solid. Run 1: 53.0 mg, 81% yield; Run 2: 54.0 mg, 83% yield. 1H (400 MHz, CDCl3) δ
8.36 (s, 2H), 8.00 (d, J = 1.3 Hz, 2H), 7.90 (d, J = 1.3 Hz, 2H), 7.52 (t, J = 7.6 Hz, 2H), 1.37 (s,
24H). 13C{H} NMR (101 MHz, CDCl3) δ 152.01, 137.05, 129.22, 128.42, 125.22, 83.94, 77.11,
24.81.

Figure S30. 1H NMR spectrum for 17 in CDCl3.
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Figure S31. 13C{1H} NMR spectrum for 17 in CDCl3.
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Azoarene 18.17 The reaction was conducted according to the general procedure using 3,5bis-trifluoromethylphenyl azide (68.1 mg, 0.27 mmol, 1.0 equiv). Isolated yields were
determined following column chromatography (SiO2, hexanes). The product was isolated as an
orange solid. Run 1: 55 mg, 90% yield; Run 2: 58 mg, 97% yield. 1H NMR (300 MHz, CDCl3) δ
8.45 (d, J = 1.6 Hz, 4H), 8.06 (s, 2H). 19F NMR (282 MHz, CDCl3) δ -64.50. 13C{1H} NMR (201
MHz, CDCl3) δ 152.12 , 133.13 (q, J = 34.2 Hz), 125.20 (hept, J = 4.1 Hz), 123.53 – 123.27 (m),
122.86 (q, J = 273.0 Hz).

Figure S32. 1H NMR spectrum for 18 in CDCl3.
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Figure S33. 19F NMR spectrum for 18 in CDCl3.

Figure S34. 13C{1H} NMR spectrum for 18 in CDCl3.
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Azoarene 19.18 The reaction was conducted according to the following modified general
procedure using 2,6-difluorophenyl azide (46.5 mg, 0.3 mmol, 1.0 equiv): the reagents were
mixed in a microwave vial, which was then sealed and heated to 80 °C for 2 h. Isolated yields
were determined following column chromatography (SiO2, 1% EtOAc/hexanes). The product
was isolated as an orange solid in a 15:85 mixture of Z and E isomers. Run 1: 32.1 mg, 84%
yield; Run 2: 34.2 mg, 90% yield. 1H NMR (300 MHz, CDCl3) E isomer: δ 7.47 – 7.31 (m, 2H),
7.12 – 7.00 (m, 4H); Z isomer: δ 7.24 – 7.14 (m, 2H), 6.95 – 6.75 (m, 4H). 19F NMR (282 MHz,
CDCl3) E isomer: δ -122.81; Z isomer: δ -121.03. 13C{1H} NMR (101 MHz, CDCl3) E isomer: δ
155.49 (d, J = 260.8 Hz), 131.70 (t, J = 9.3 Hz), 131.37 (t, J = 9.7 Hz), 112.54 (d, J = 24.1 Hz).

Figure S35. 1H NMR spectrum for 19 in CDCl3.
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Figure S36. 19F NMR spectrum for 19 in CDCl3.

Figure S37. 13C{1H} NMR spectrum for 19 in CDCl3.
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Azoarene 20.14 The reaction was conducted according to the following modified general
procedure using 2-tolyl azide (39.9 mg, 0.3 mmol, 1.0 equiv): the reagents were mixed in a
microwave vial, which was then sealed and heated to 100 °C for 4 h. Isolated yields were
determined following column chromatography (hexanes). The product was isolated as an orange
oil. Run 1: 26.1 mg, 83% yield; Run 2: 24.3 mg, 77% yield. 1H NMR (300 MHz, CDCl3) δ 7.63
(d, J = 7.9 Hz, 2H), 7.44 – 7.32 (m, 4H), 7.31 – 7.22 (m, 2H), 2.76 (s, 6H). 13C{1H} NMR (101
MHz, CDCl3) δ 151.01, 137.91, 131.17, 130.59, 126.27, 115.76, 17.54.

Figure S38. 1H NMR spectrum for 20 in CDCl3.
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Figure S39. 13C{1H} NMR spectrum for 20 in CDCl3.
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Azoarene 21.19 The reaction was conducted according to the following modified general
procedure using 2,4,6-trimethylphenyl azide (48.4 mg, 0.3 mmol, 1.0 equiv): the reagents were
mixed in a microwave vial, which was then sealed and heated to 100 °C for 4 h. Isolated yields
were determined following column chromatography (hexanes). The product was isolated as an
orange solid. Run 1: 33 mg, 83% yield; Run 2: 37 mg, 93% yield. 1H NMR (300 MHz, CDCl3) δ
6.97 (s, 4H), 2.43 (s, 12H), 2.35 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ 149.03, 138.23,
131.54, 129.97, 20.94, 19.92.

Figure S40. 1H NMR spectrum for 21 in CDCl3.
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Figure S41. 13C{1H} NMR spectrum for 21 in CDCl3.
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Azoarene 22. The reaction was conducted according to a modified general procedure using
tert-butyl 5-azido-1H-indole-1-carboxylate (77.5 mg, 0.3 mmol, 1.0 equiv) and 5 mol% 1 (11.0
mg, 0.015 mmol). Isolated yields were determined following column chromatography (SiO2, 0 –
3% EtOAc/Hexanes). The product was isolated as a yellow solid. Run 1: 30.9 mg, 45% yield;
Run 2: 31.3 mg, 48% yield. 1H NMR (300 MHz, CDCl3) δ 8.26 (d, J = 8.9 Hz, 2H), 8.17 (d, J =
1.9 Hz, 2H), 7.98 (dd, J = 8.9, 2.0 Hz, 2H), 7.66 (d, J = 3.7 Hz, 2H), 6.70 (dd, J = 3.7, 0.7 Hz,
2H), 1.70 (s, 18H). 13C{1H} NMR (101 MHz, CDCl3) δ 149.42, 148.71, 136.45, 130.92, 127.07,
118.74, 116.34, 115.35, 108.07, 84.04, 28.10. HRMS(ESI): calcd for C26H28N4O4+: 461.2183;
found: 461.2181.

Figure S42. 1H NMR spectrum for 22 in CDCl3.
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Figure S43. 13C{1H} NMR spectrum for 22 in CDCl3.
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Azoarene 23.20 The reaction was conducted according to a modified general procedure using
5-azidobenzo[b]thiophene (52.6 mg, 0.3 mmol, 1.0 equiv) and 5 mol% 1 (11.0 mg, 0.015 mmol),
with an additional 5 mol% 1 added after one hour. Isolated yields were determined following
column chromatography (SiO2, 0 – 3% EtOAc/Hexanes). The product was isolated as a yellow
solid. Run 1: 30 mg, 68% yield; Run 2: 34 mg, 77% yield. 1H NMR (300 MHz, CDCl3) δ 8.43
(dd, J = 1.7, 0.8 Hz, 2H), 8.06 – 7.93 (m, 4H), 7.55 (dd, J = 5.5, 0.4 Hz, 2H), 7.50 (dd, J = 5.5,
0.6 Hz, 2H). 13C{1H} NMR (201 MHz, CDCl3) δ 150.16, 142.09, 140.12, 127.85, 124.80,
122.89, 120.29, 117.35.

Figure S44. 1H NMR spectrum for 23 in CDCl3.
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Figure S45. 13C{1H} NMR spectrum for 23 in CDCl3.
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Azoarene 24. The reaction was conducted according to a modified general procedure using
5-azido-2-methylbenzo[d]oxazole (52.2 mg, 0.3 mmol, 1.0 equiv) and 5 mol% 1 (11.0 mg, 0.015
mmol). Isolated yields were determined following column chromatography (SiO2, 0 – 1%
CH2Cl2/MeOH). The product was isolated as a yellow solid. Run 1: 35.4 mg, 81% yield; Run 2:
33.8 mg, 77% yield. 1H NMR (300 MHz, CDCl3) δ 8.23 (d, J = 1.9 Hz, 2H), 7.99 (dd, J = 8.7,
1.9 Hz, 2H), 7.58 (dd, J = 8.6, 0.5 Hz, 2H), 2.68 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ
165.24, 152.55, 149.80, 142.18, 120.09, 114.14, 110.24, 14.57. HRMS(ESI): calcd for
C16H12N4O2+: 293.1033; found: 293.1034.

Figure S46. 1H NMR spectrum for 24 in CDCl3.
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Figure S47. 13C{1H} NMR spectrum for 24 in CDCl3.
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Azoarene 25.21 The reaction was conducted according to a modified general procedure using
1-azidoferrocene (68.1 mg, 0.3 mmol, 1.0 equiv) and 5 mol% 1 (11.0 mg, 0.015 mmol). The
product was isolated without chromatography by the following workup procedure: After opening
the vial to air and stirring, the solution was filtered through a glass fiber pad, and residual solid
product was washed through the filter with chloroform. The solvent was then removed, and the
solid residue was washed with 2 x 5 mL hexane and dried to yield a purple solid. Run 1: 59.8
mg, >99% yield; Run 2: 59.7 mg, >99% yield. 1H NMR (300 MHz, CDCl3) δ 4.94 (t, J = 2.0 Hz,
2H), 4.49 (t, J = 2.0 Hz, 2H), 4.25 (s, 5H). 13C{1H} NMR (101 MHz, CDCl3) δ 107.93, 69.64,
69.44, 64.01.

Figure S48. 1H NMR spectrum for 25 in CDCl3.
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Figure S49. 13C{1H} NMR spectrum for 25 in CDCl3.
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Azoarene 26. The reaction was conducted according to a modified general procedure using
S1 (57.1 mg, 0.3 mmol, 1.0 equiv) and 5 mol% 1 (11.0 mg, 0.015 mmol). The product was
isolated without chromatography by the following workup procedure: After opening the vial to
air and stirring, the solution was filtered through a glass fiber pad, and residual solid product was
washed through the filter with chloroform. The solvent was then removed, and the solid residue
was washed with 2 x 5 mL hexane and dried to yield a dark brown solid. Run 1: 31 mg, 67%
yield; Run 2: 33 mg, 69% yield. 1H NMR (300 MHz, CDCl3) δ 7.81 (d, J = 8.0 Hz, 4H), 7.34 (d,
J = 8.1 Hz, 4H), 3.62 (s, 6H), 3.46 – 3.39 (m, 2H), 3.22 – 2.90 (m, 4H), 2.40 (s, 12H). 13C{1H}
NMR (201 MHz, CDCl3) δ 171.68, 151.38, 141.49, 129.80, 122.83, 69.35, 51.15, 41.87, 35.56.
HRMS(ESI): calcd for C24H33N4O4+: 441.2496; found: 441.2494.

Figure S50. 1H NMR spectrum for 26 in CDCl3.
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Figure S51. 13C{1H} NMR spectrum for 26 in CDCl3.
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Azoarene 27. The reaction was conducted according to a modified general procedure using
S2 (88.6 mg, 0.30 mmol, 1.0 equiv) and 5 mol% 1 (11.0 mg, 0.015 mmol). The product was
isolated without chromatography by the following workup procedure: after opening the vial to
air and stirring, the solution was filtered through a glass fiber pad, and residual solid product was
washed through the filter with dichloromethane. The solvent was then removed, and the solid
residue was washed with 2 x 5 mL hexane and dried to yield a yellow solid. Run 1: 84 mg, >99%
yield; Run 2: 83 mg, >99% yield. 1H NMR (800 MHz, CDCl3) δ 7.70 (d, J = 8.3 Hz, 2H), 7.65
(s, 2H), 7.44 (d, J = 8.4 Hz, 2H), 3.13 – 2.92 (m, 4H), 2.61 – 2.46 (m, 4H), 2.38 (td, J = 11.3, 4.2
Hz, 2H), 2.22 – 2.12 (m, 2H), 2.12 – 2.04 (m, 4H), 2.01 (dt, J = 13.4 Hz, 2H), 1.74 – 1.59 (m,
6H), 1.57 – 1.44 (m, 6H), 0.94 (s, 6H). 13C{1H} NMR (201 MHz, CDCl3) δ 220.42, 150.92,
142.96, 137.43, 126.02, 122.87, 120.36, 50.63, 47.93, 44.74, 38.08, 35.82, 31.65, 29.44, 26.42,
25.77, 21.63, 13.86. HRMS(ESI): calcd for C36H42N2O2+: 535.3319; found: 535.3323.

Figure S52. 1H NMR spectrum for 27 in CDCl3.
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Figure S53. 13C{1H} NMR spectrum for 27 in CDCl3.
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Azoarene 28. The reaction was conducted according to a modified general procedure using
S3 (128 mg, 0.30 mmol, 1.0 equiv) and 5 mol% 1 (11.0 mg, 0.015 mmol). Isolated yields were
determined following column chromatography (SiO2, 0 – 1% EtOAc/Hexanes). The product was
isolated as a yellow oil. Run 1: 116 mg, 97% yield; Run 2: 117 mg, 98% yield. 1H NMR (800
MHz, CDCl3) δ 7.55 (d, J = 2.4 Hz, 2H), 7.48 (d, J = 2.4 Hz, 2H), 2.89 – 2.80 (m, 4H), 2.24 (s,
6H), 1.92 – 1.83 (m, 2H), 1.83 – 1.77 (m, 2H), 1.66 – 1.56 (m, 4H), 1.56 – 1.50 (m, 3H), 1.50 –
1.44 (m, 2H), 1.44 – 1.35 (m, 6H), 1.35 – 1.30 (m, 9H), 1.30 – 1.16 (m, 12H), 1.16 – 1.10 (m,
6H), 1.10 – 1.02 (m, 6H), 0.87 (d, J = 7.0 Hz, 18H), 0.85 (d, J = 6.7 Hz, 6H). 13C{1H} NMR
(201 MHz, CDCl3) δ 154.46, 145.69, 126.92, 122.44, 122.00, 120.65, 76.97, 40.17, 39.39, 37.46,
37.43, 37.30, 32.81, 32.69, 31.15, 28.00, 24.82, 24.47, 24.35, 22.74, 22.65, 22.40, 20.99, 19.77,
19.67, 16.21. HRMS(ESI): calcd for C54H90N2O2+: 799.7075; found: 799.7068.

Figure S54. 1H NMR spectrum for 28 in CDCl3.
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Figure S55. 13C{1H} NMR spectrum for 28 in CDCl3.
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Intramolecular N=N Coupling. Under an atmosphere of N2, an NMR tube equipped with a
J. Young valve was charged with 2,2'-diazido-1,1'-biphenyl 29 (7.1 mg, 0.03 mmol, 1.0 equiv), 1
(2.2 mg, 0.003 mmol, 10 mol%) and C6D6 (600 µL), along with 1,3,5-trimethoxybenzene (2.0
mg, 0.012 mmol) as an internal standard. The mixture was then heated to 80 °C for 2 h, leading
to the formation of 30 in 80% yield. The 1H NMR spectrum of 30 was consistent with previous
reports.14

Figure S56. 1H NMR spectrum for the intramolecular N=N coupling of 29 (bottom) to form 30
(top).
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5. Polymerization Experiments

Figure S57. Synthetic route to the diazofluorene monomer 31.
2,2'-(9,9-didodecyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) S4
was synthesized according to previously reported methods.22

Synthesis of Compound 31. NaN3 (139.6 mg, 2.147 mmol) and CuI (27.3 mg, 0.143 mmol)
were added to a mixture of 2,2'-(9,9-didodecyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl1,3,2-dioxaborolane) S4 (542.0 mg 0.718 mmol) and MeOH (40 mL). The resulting mixture was
kept from light and bubbled with air at 50 °C for 8 h before being allowed to cool to room
temperature. After removal of the solvent under reduced pressure, the residue was purified by
silica gel chromatography (hexanes) to give the product 31 as a light yellow solid (285.0 mg,
68%). 1H NMR (800 MHz, CDCl3) δ 7.60 (dd, J = 8.0, 1.0 Hz, 2H), 7.00 (dd, J = 8.0, 2.2 Hz,
2H), 6.94 (d, J = 2.1 Hz, 2H), 1.93 – 1.89 (m, 4H), 1.27 (dt, J = 9.6, 4.8 Hz, 4H), 1.25 – 1.21 (m,
8H), 1.21 – 1.11 (m, 12H), 1.11 – 1.06 (m, 4H), 1.06 – 1.00 (m, 8H), 0.87 (d, J = 7.3 Hz, 6H),
0.60 – 0.54 (m, 4H). 13C{1H} NMR (201 MHz, CDCl3) δ 152.55, 138.69, 137.57, 120.51,
117.84, 113.56, 109.31, 55.43, 40.35, 31.88, 29.88, 29.59, 29.54, 29.52, 29.31, 29.23, 23.64,
22.67, 14.10. HRMS(ESI): calcd for [C37H56N6+] - N2 + H : 557.4578; found: 557.4571. The
temperature required to vaporize the sample resulted in the loss of N2 from the azide.
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Figure S58. 1H NMR spectrum for 31 in CDCl3.

Figure S59. 13C{1H} NMR spectrum of 31 in CDCl3.
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Catalytic Polymerization Procedure. Under an atmosphere of N2, an NMR tube equipped
with a J. Young valve was charged with 31 (29.0 mg, 0.050 mmol, 1.0 equiv), 1 (1.8 mg, 0.0025
mmol, 5 mol% or 0.7 mg, 0.001 mmol, 2 mol%), and toluene-d8 (600 µL). Immediate gas
evolution was observed, and the solution color turned from pale yellow to a deep red-orange.
Over the course of 40 min at room temperature, complete consumption of the monomer was
observed by 1H NMR spectroscopy, and the solution darkened and became more viscous. The
reaction was then quenched by opening the NMR tube to air. The polymeric material was
removed from the tube using CH2Cl2 and added to methanol to precipitate the product. The
precipitated solids were purified by Soxhlet extraction successively with acetone, hexane, and
chloroform. The fraction extracted from chloroform was precipitated into methanol, filtered and
dried at 60 °C under vacuum to afford the polymer.
32(2% loading). The first precipitation provided 17.1 mg (76% yield) of a dark orange solid.
12.2 mg of polymer was collected after Soxhlet extraction. 1H NMR (300 MHz, toluene-8d,
ppm) δ: 8.36 (s, 2H), 8.21 (d, J = 7.7 Hz, 2H), 7.63 (d, J = 7.8 Hz, 2H), 1.23-0.89 (m, J = 50H).
2% loading gives Mn of 18.1 kDa with a PDI of 2.48.
32(5% loading). The first precipitation provided 16.3 mg (72% yield) of a dark orange solid.
11.6 mg of polmer was collected after Soxhlet extraction. 1H NMR (300 MHz, toluene-8d, ppm)
δ: 8.36 (s, 2H), 8.21 (m, 2H), 7.65 (m, 2H), 1.23-0.89 (m, J = 50H). 5% loading gives Mn of 41.4
kDa with a PDI of 3.23.
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Figure S60. Cyclic voltammograms of 32(2% loading) (left) and 32(5% loading) (right) films
in Propylene Carbonate with 0.2 M n-Bu4NPF6 as supporting electrolyte (scan rate: 20 mV s–1).
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Figure S61. Absorption spectra of 32(2% loading) (black) and 32(5% loading) (red) in CHCl3
solutions (solid lines) and as film (dashed lines).
The electrochemical properties of the azo-fluorene polymer were evaluated by cyclic
voltammetry, shown in Figure 1. Azo polymer 32 exhibited an irreversible redox behavior.
HOMO/LUMO levels were estimated around -5.52/-3.47 eV for the low Mn polymer and -5.53/3.49 eV for the high Mn polymer. UV-Vis absorption spectra for the azo-fluorene polymers are
shown in Figure S60. The peaks around 480 nm and 520 nm are attributed to intramolecular
charge transfer peaks and aggregation peaks, respectively. The 520nm peak of 32(5% loading)
is relatively more intense, indicative of a stronger aggregation in CHCl3 solution owing to a
higher molecular weight. Both thin films show slightly red-shifted absorption spectra, which is
evidence of a stronger intermolecular interaction in films. Small CV and UV-Vis spectra
difference two azo-fluorenes suggests that the molecular weight of azo-fluorenes has a negligible
impact on their energy levels between this range.
Table 1. Molecular, Optical, and Electrochemical Properties
Mna
HOMO b
LUMO b
EgCV c
EgOpt d
Cat. Loading
PDI
(KDa)
(eV)
(eV)
(eV)
(eV)
L
2%
18.1
2.48
-5.52
-3.47
2.05
2.20
H
5%
41.4
3.23
-5.53
-3.49
2.04
2.20
a
b
Determined by GPC using polystyrene standards in THF. The HOMO and LUMO energy
levels are estimated from HOMO = − (4.80 + Eox – EFc/Fc+) and LUMO = − (4.80 + Ered – EFc/Fc+),
where Eox and Ered are onsets of redox potentials. cCalculated from Eg = LUMO-HOMO.
d
Calculated from absorption band edge of the polymer films, Eg = 1240/λedge.
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Figure S62. 1H NMR spectrum for the polymerization of 31 using 2 mol% 1 (toluene-d8).

Figure S63. 1H NMR spectrum for the polymerization of 31 using 5 mol% 1 (toluene-d8).
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6. Synthesis and Characterization of Nickel Complexes

[i-PrIP]Ni(4,4′-bis-trifluoromethylazobenzene) (7). In an N2 filled glovebox, a 20-mL vial
was charged with 4 (50.0 mg, 0.115 mmol, 1.0 eq), C6H6 (2.0 mL), and a magnetic stir bar. A
solution of 4-trifluoromethylphenyl azide (36 mg, 0.192 mmol, 1.7 equiv) in 2.0 mL C6H6 was
added. Immediate gas evolution was observed, and the reaction solution turned from dark purple
to dark blue-green. The reaction mixture was stirred at room temperature. After 5 min, the
solvent was removed under reduced pressure. The solid residue was purified by recrystallization
from a saturated pentane/toluene solution at –30 °C. Brown cube-like single crystals of 7
obtained by this procedure were suitable for X-ray diffraction studies (22 mg 44% yield). 1H
NMR (300 MHz, C6D6) δ 8.75 (d, J = 5.0 Hz, 1H), 7.81 (d, J = 8.2 Hz, 2H), 7.62 – 7.43 (m, 3H),
7.33 – 7.20 (m, 4H), 7.06 – 6.92 (m, 3H), 6.67 (t, J = 7.5 Hz, 1H), 6.45 (t, J = 6.4 Hz, 1H), 6.17
(d, J = 7.6 Hz, 1H), 4.32 (s, 1H), 2.28 (s, 1H), 1.77 (d, J = 6.6 Hz, 3H), 1.00 (d, J = 6.8 Hz, 3H),
0.78 (d, J = 6.6 Hz, 3H), 0.69 (d, J = 5.3 Hz, 3H). 13C{1H} NMR (201 MHz, C6D6) δ 162.09 ,
161.32 , 159.83 , 152.58 , 150.46 , 144.91 , 140.54 , 139.29 , 135.39 , 127.94 , 127.73 (q, J =
39.2 Hz), 127.39 , 126.90 , 126.77 , 126.61 (q, J = 3.8 Hz), 126.42 (q, J = 3.8 Hz), 125.56 ,
125.42 , 125.28 , 123.65 , 123.45 , 121.23 (q, J = 32.9 Hz), 120.74 (q, J = 31.9 Hz), 119.71 ,
119.31 , 28.76 , 27.63 , 24.72 , 24.20 , 22.57 , 21.55. UV–Vis–NIR (C6H6, nm {M–1 cm–1}): 326
{sh}, 386 {5200}, 549 {3700}, 656 {5700}. Anal. Calcd for C32H30F6N4Ni: C 59.75 H 4.70, N,
8.71; found: C 59.49 H 4.71 N 8.56.
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Figure S64. 1H NMR spectrum of 7.

Figure S65. 13C{H} NMR spectrum of 7 in C6D6.
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Figure S66. UV-Vis-NIR spectrum of 7 in C6H6 (0.012 mM).
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[i-PrNDI]Ni2((2-C(CH3)3C6H5) (33). Under an atmosphere of N2, a 20-mL vial was charged
with [i-PrNDI]Ni2(C6H6) (1) (15 mg, 0.021 mmol, 1.0 equiv.), 1-tert-butyl-phenyl azide (3.6 mg,
0.021 mmol, 1.0 equiv), and C6D6 (900 µL). Immediate gas evolution was observed, and the
reaction mixture turned brown-purple. After 2 min, the solvent was then removed under reduced
pressure. The solid residue was purified by recrystallization from a saturated 3:1 pentane/toluene
solution at –30 °C. Brown plate-like single crystals of 33 obtained by this procedure were
suitable for X-ray diffraction studies (8.7 mg 53% yield). 1H NMR (800 MHz, C6D6) δ 45.54 (s,
6H), 29.19 (s, 1H), 26.39 (s, 1H), 19.22 (s, 2H), 13.74 (m, 4H), 10.87 (s, 1H), 7.11 – 6.81 (m,
4H), 4.13 (s, 9H), 3.38 (s, 2H), 2.33 (s, 12H), 1.90 (s, 12H), -3.63 (s, 1H), -102.45 (s, 2H). UV–
Vis–NIR (C6H6, nm {M–1 cm–1}): 288 {sh}, 342 {2300}, 516 {7500}, 707 {5900}, 812 {5600},
979 {5700}. Anal. Calcd for C46H57N5Ni2: C 69.29 H 7.21, N, 8.78; found: C 68.86 H 7.28 N
8.47.

Figure S67. 1H NMR spectrum of 33 in C6D6.
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Figure S68. UV–Vis–NIR spectrum of 33 in C6H6 (0.13 mM).
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[i-PrNDI]Ni2(N2Ar2) (36). Under an atmosphere of N2, a 20-mL vial was charged with [iPr
NDI]Ni2(C6H6) (1) (40 mg, 0.055 mmol, 1.0 equiv.), 2,6-diisopropylphenyl azide (23 mg, 0.11
mmol, 2.0 equiv.), and C6H6 (8.0 mL). Immediate gas evolution was observed, and the solution
turned dark green-brown. After allowing the reactants to mix for 2 min, the mixture was filtered
through a glass fiber pad, and the filtrate was evaporated under reduced pressure. The crude solid
was washed with pentane (approx. 3 mL) and dried under vacuum. The solid residue was
redissolved in C6H6 and lyophilized to yield 2 as a dark brown solid (43 mg, 78% yield). Single
crystals suitable for XRD analysis were obtained from concentrated C6H6 solutions. 1H NMR
(500 MHz, C6D6) δ 7.15–7.12 (m, 2H), 7.07 (t, J = 7.7 Hz, 2H), 6.99 (d, J = 7.7 Hz, 1H), 6.87–
6.82 (m, 4H), 6.48 (dd, J = 6.1, 3.2 Hz, 2H), 6.43 (d, J = 8.2 Hz, 2H), 5.94 (d, J = 8.2 Hz, 2H),
3.70 (hept, J = 6.2, 2H), 3.10 (hept, J = 6.6 Hz, 2H), 2.84 (hept, J = 6.6 Hz, 2H), 2.36 (hept, J =
6.3 Hz, 2H), 2.19 (d, J = 6.7 Hz, 6H), 1.75 (d, J = 6.8 Hz, 6H), 1.59 (s, 6H), 1.29 (d, J = 6.8 Hz,
6H), 1.16 (d, J = 6.8 Hz, 6H), 0.94 (d, J = 6.7 Hz, 6H), 0.69 (d, J = 6.8 Hz, 6H), 0.07 (d, J = 6.7
Hz, 6H), –0.19 (d, J = 6.6 Hz, 6H). 13C{1H} NMR (500 MHz, C6D6) δ 161.9, 150.0, 147.0,
142.1, 142.3, 141.7, 141.1, 137.3, 125.8, 125.7, 124.2, 123.9, 123.5, 123.4, 114.8, 29.6, 28.4,
28.4, 28.4, 28.0, 26.5, 24.5, 24.3, 24.2, 24.0, 23.9, 23.7, 23.2, 16.9. UV–Vis–NIR (C6H6, nm {M–
1
cm–1}): 284 {sh}, 338 {29300}, 446 {10500}, 506 {8000}, 704 {8700}, 969 {sh}, 1080
{10600}, 1329 {8200}. Anal. calcd for C60H78N6Ni2: C 73.48, H 7.85, N 7.79; found: C 73.27, H
7.76, N 7.76.
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Figure S69. 1H NMR spectrum of 36 in C6D6.

Figure S70. 13C{1H} NMR spectrum of 36 in C6D6.
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Figure S71. UV–Vis–NIR spectrum of 36 in C6H6 (0.10 mM).
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7. Mechanistic Experiments

Reaction of 7 with 4-trifluoromethylphenyl azide. In an N2 filled glovebox, an NMR tube
equipped with a J. Young valve was charged with 4-trifluoromethylphenyl azide (2) (5.8 mg,
0.031 mmol, 1.0 equiv), C6D6 (500 µL), 7 (1.0 mg, 0.0015 mmol, 5 mol %), and 1,3,5trimethoxybenzene (5.2 mg, 0.031mmol) as an internal standard. The reaction components were
allowed to react for 1 h. No conversion of 2 was observed by 1H NMR integration against 1,3,5trimethoxybenzene as an internal standard. No additional conversion or yield of azoarene was
observed after an additional 2 h at room temperature or after heating for 1 h at 80 °C.
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Variable temperature 1H NMR data for 33.

Figure S72. Variable temperature 1H NMR spectrum overlay (toluene-d8) showing selected
peaks of 33 as a function of temperature.
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Reaction of 1 with 2-tert-butylphenyl azide and cross-azoarene formation with 4-tolyl
azide. Under an atmosphere of N2, an NMR tube equipped with a J. Young valve was charged
with 2-tert-butylphenyl azide (50 µL of a 0.28 M solution in C6D6, 0.0137 mmol, 1.0 equiv), 1
(10.0 mg, 0.0137 mmol, 1.0 equiv), and C6D6 (600 µL). Immediate gas evolution was observed,
and the clean formation of 33 was confirmed by 1H NMR. 4-Tolyl azide was then added to the
reaction mixture (250 µL of a 0.28 M solution in C6D6, 0.067 mmol, 5.0 equiv) along with 1,3,5trimethoxybenzene (2.6 mg, 0.017 mmol) as an internal standard. Full consumption of the 33
was observed by 1H NMR, and the solution was then filtered through a short plug of silica. The
yield of the cross-azoarene product was determined by 1H NMR integration (89% yield). The
yield of the homocoupled 4-azotoluene product was 81%. The material was run through a silical
column (hexanes) to remove the free NDI ligand and most of the 1,3,5-trimethoxybenzene. This
material was then analyzed by 1H NMR, COSY, and GC-MS, confirming the identity of the
cross-coupled product.

Figure S74. 1H NMR spectrum (C6H6) of the product mixture after reaction of the imido
intermediate with 4-tolylazide and running through a silica plug. Black, red, and blue squares
correspond to 4-azotoluene (9), the cross-coupled product (34), and free NDI ligand respectively.
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Figure S75. 1H NMR spectrum (C6H6) of the product mixture after running through a column to
remove the i-PrNDI ligand and 1,3,5-trimethoxybenzene. Black and red squares correspond to 4azotoluene (9) and the cross-coupled product (34) respectively.
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Figure S76. COSY spectrum of product mixture after column. Black and red squares correspond
to 4-azotoluene (9) and the cross-coupled product (34) respectively.
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Figure S77. GCMS trace of the cross-coupling reaction following a silica plug. The masses at
m/z = 168.15, 210.15, and 252.20 correspond to the masses of 1,3,5-trimethoxybenzene, 4azotoluene (9), and the cross-coupled product (34) respectively.
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Comparison of the decomposition of 33 in the presence and absence of 9,10dihydroanthracene. Under an atmosphere of N2, a 20-mL vial was charged with 2-tertbutylphenyl azide (2.5 mg, 0.014 mmol, 1.0 equiv), 1 (10.0 mg, 0.014 mmol, 1.0 equiv), 1,3,5trimethoxybenzene (2.5 mg, 0.015 mmol) as an internal standard, and C6D6 (1200 µL). This
solution was then divided equally between two J. Young NMR tubes. To the first tube was added
a solution of 9,10-dihydroanthracene (0.0068 mmol, 1.0 equiv) in C6D6 (150 µL). To the second
was added C6D6 (150 µL). The decomposition of 33 in each solution was the monitored over
several hours: over the time period of the catalytic N–N coupling reaction (2 h), a 13%
decomposition of 33 in the solution without 9,10-dihydroanthracene was observed; the solution
containing dihydroanthracene showed 14% decomposition of 33. Measurement of the
decomposition over a longer period showed minimal difference in the rate of decomposition
between the two solutions. For the solution containing dihydroanthracene, no measurable amount
of anthracene was formed by 1H NMR.
Time
1h
2h
3h
4h
6h
20 h

% Remaining 33
88%
87%
75%
64%
48%
<5%

% Remaining 33 (DHA)
89%
86%
74%
72%
51%
<5%

% Remaining DHA
>95%
>95%
>95%
>95%
>95%
>95%
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Variable-temperature NMR data for 1 + 4-tolylazobenzene. Under an atmosphere of N2,
a J-Young NMR tube was charged with 4-tolyl azide (2.8 mg, 0.014 mmol, 1.0 equiv), 1 (10.0
mg, 0.014 mmol, 1.0 equiv), and toluene-d8 (600 µL). This lead to the formation of a new set up
broad peaks observed by 1H NMR. The spectrum was then taken over a range of temperatures
from 200 to 350K, leading to a sharp set of diamagnetic peaks at low temperature, which
broadened at high temperature.

Figure S78. Variable-temperature 1H NMR spectrum of the azoarene adduct formed on reaction
of 4-azotoluene with 1 (200 to 350 K).
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NMR kinetics studies for mesitylazide homocoupling. Under an atmosphere of N2, an
NMR tube equipped with a J. Young valve was charged with mesityl azide (103 µL of a 0.29 M
solution in C6D6, 0.30 mmol, 1.0 equiv), 1 (400 µL of a 7.5 mM solution in C6D6, 0.03 mmol, 10
mol%) and C6D6 (97 µL). The reaction was then placed in an NMR spectrometer and heated at
75 °C. Data points were collected in 3-min intervals over 8 h.
The reaction rate was found to be zero order in [mesityl azide] (k = 7.86 ± 0.08 mM/min).
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Figure S79. NMR kinetics plot of the formation of azomesitlyene catalyzed by 1.
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Azomesitylene binding under thermal conditions. Under an atmosphere of N2, an NMR
tube equipped with a J. Young valve was charged with 1 (3.9 mg, 0.005 mmol, 1.0 equiv),
azomesitylene (10.6 mg, 0.040 mmol, 8.0 equiv), and C6D6 (600 µL). The NMR tube was placed
in an oil bath and heated at 80 °C. Full conversion of 1 to the azomesitylene complex was
observed after 30 days.
Azomesitylene binding under photolytic conditions. Under an atmosphere of N2, an NMR
tube equipped with a J. Young valve was charged with 1 (5.0 mg, 0.0069 mmol, 1.0 equiv),
azomesitylene (1.8 mg, 0.0069 mmol, 1 equiv), and C6D6 (600 µL). The NMR tube was placed
in a photobox and irradiated with 254 nm UV light23 for 1.5 h. Full conversion to the azoarene
complex was observed after 1.5 h.

Figure S80. 1H NMR spectrum of the azomesitylene binding experiment under thermal
conditions.
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Figure S81. 1H NMR spectrum of the asomesitylene binding experiment under photolytic
conditions just after mixing (top) and after irradiation with UV light for 1.5 h (bottom).
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8. X-Ray Diffraction Data

Compound 7
Crystal data
Chemical formula
Mr
Crystal system, space group
Temperature (K)
a, b, c (Å)
V (Å3)
Z
Radiation type
(mm-1)
Crystal size (mm)
Data collection
Diffractometer
Absorption correction

Tmin, Tmax
No. of measured, independent and
observed [I > 2 (I)] reflections
Rint
(sin / )max (Å-1)
Refinement
R[F2 > 2 (F2)], wR(F2), S
No. of reflections
No. of parameters
No. of restraints
H-atom treatment
-3
max,
min (e Å )

C32H30F6N4Ni·0.146(C7H8)·0.104(C5H12)
664.24
Orthorhombic, Pbca
150
16.3481 (3), 22.1973 (4), 35.0360 (7)
12714.0 (4)
16
Cu K
1.44
0.12 × 0.08 × 0.06
Bruker AXS D8 Quest CMOS
diffractometer
Multi-scan
SADABS 2016/2: Krause, L., Herbst-Irmer, R.,
Sheldrick G.M. & Stalke D., J. Appl. Cryst. 48
(2015) 3-10
0.650, 0.753
40453, 11767, 9216
0.040
0.610
0.044, 0.118, 1.01
11767
1052
1070
H-atom parameters constrained
0.54, -0.37
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Compound 33
Crystal data
Chemical formula
Mr
Crystal system, space group
Temperature (K)
a, b, c (Å)
(°)
V (Å3)
Z
Radiation type
(mm-1)
Crystal size (mm)
Data collection
Diffractometer
Absorption correction

Tmin, Tmax
No. of measured, independent and
observed [I > 2 (I)] reflections
Rint
(sin / )max (Å-1)
Refinement
R[F2 > 2 (F2)], wR(F2), S
No. of reflections
No. of parameters
No. of restraints
H-atom treatment
-3
max,
min (e Å )

2(C46H57N5Ni2)·C7H8
1686.90
Monoclinic, P21/n
150
8.6475 (7), 22.8313 (17), 22.7875 (16)
98.535 (3)
4449.2 (6)
2
Cu K
1.34
0.30 × 0.20 × 0.20
Bruker AXS D8 Quest CMOS
diffractometer
Multi-scan
TWINABS 2012/1: Krause, L., Herbst-Irmer,
R., Sheldrick G.M. & Stalke D., J. Appl. Cryst.
48 (2015) 3-10
0.300, 0.754
73107, 8851, 7121
0.150
0.619
0.069, 0.177, 1.03
8851
544
46
H-atom parameters constrained
0.75, -0.68
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Compound 36
Crystal data
Chemical formula
Mr
Crystal system, space group
Temperature (K)
a, b, c (Å)
(°)
V (Å3)
Z
Radiation type
(mm-1)
Crystal size (mm)
Data collection
Diffractometer
Absorption correction
Tmin, Tmax
No. of measured, independent and
observed [I > 2 (I)] reflections
Rint
(sin / )max (Å-1)
Refinement
R[F2 > 2 (F2)], wR(F2), S
No. of reflections
No. of parameters
No. of restraints
H-atom treatment
max, min (e Å-3)

C66H84N6Ni2
1078.81
Monoclinic, P21/n
123
12.0220 (5), 26.4576 (8), 18.2600 (6)
97.465 (3)
5758.8 (4)
4
Cu K
1.15
0.30 × 0.20 × 0.16
Rigaku Rapid II curved image plate
diffractometer
Multi-scan
SCALEPACK (Otwinowski & Minor, 1997)
0.816, 1
40091, 10681, 9279
0.063
0.618
0.054, 0.166, 1.08
10681
717
186
H-atom parameters constrained
0.52, -0.47
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9. DFT Calculations
Calculations addressing the thermodynamics of free nitrene release and comparison to
imido formation. We were interested in the potential for free triplet nitrene release from a
dinickel azide complex as an alternative mechanism to imido formation. We located a stable
coordination mode for an S = 1 azide complex and found the formation of free triplet nitrene and
a singlet N2 complex to be endergonic by 16.3 kcal/mol (Figure S82). The subsequent
substitution of N2 for C6H6 is exergonic by 4.2 kcal/mol relative to the azide complex. By
contrast, the formation of an imido species is much more energetically favorable, and the process
is exergonic by 52.1 kcal/mol
From the imido intermediate we considered the possibility of the formation of tetrazene
intermediates upon addition of a second equivalent of azide. The formation of a 1,4-tetrazene
complex is nearly energetically neutral from the imido complex. From this intermediate, the
bis(imido) species is energetically accessible.

Figure S82. Thermodynamics of Ni2(imido) formation (left pathway) vs. free triplet nitrene
formation (right pathway) from an initial Ni2(N3Ph) adduct. Energies are relative to: Ni2(N3Ph)
(S = 1) + C6H6. All structures are fully optimized and verified by frequency analysis.
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Figure S83. Calculated energies for possible intermediates leading from the Ni2(imido) complex
to the Ni2(azoarene) product. Energies are relative to: Ni2(imido) (S = 1) + PhN3. All structures
are fully optimized and verified by frequency analysis.

Figure S84. Energy profile for azoarene formation from a Ni2 bis(imido) complex.
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 3

1. General Information

General Considerations. All manipulations were carried out using standard Schlenk or
glovebox techniques under an atmosphere of N2. Solvents were dried and degassed by passing
through a column of activated alumina and sparging with Ar gas. Deuterated solvents were
purchased from Cambridge Isotope Laboratories, Inc., degassed, and stored over activated 3 Å
molecular sieves prior to use. All other reagents and starting materials were purchased from
commercial vendors and used without further purification unless otherwise noted. Liquid
reagents were degassed and stored over activated 3 Å molecular sieves prior to use. Elemental
analyses were performed by Midwest Microlab (Indianapolis, IN). Compound 1, [iPr

NDI]Ni2(C6H6), was prepared according to previously reported procedures.24
Physical Methods. 1H NMR spectra were collected at room temperature on Varian INOVA

600 MHz or Bruker DRX 500 MHz spectrometers. 1H and 13C NMR spectra are reported in parts
per million relative to tetramethylsilane, using the residual solvent resonances as an internal
standard. GC/MS data was collected on a Shimadzu GC-2010/MS-QP2010 spectrometer
containing a mini-bore capillary GC column and single quad EI detector. ATR-IR data were
collected on a Thermo Nicolet Nexus spectrometer containing a MCT* detector and KBr beam
splitter with a range of 350–7400 cm–1. UV–vis measurements were acquired on a Perkin Elmer
Lambda 950 UV–VIS–NIR spectrophotometer using a 1-cm two-window quartz cuvette. Highresolution mass data were obtained using a 6320 Ion Trap MS system.

X-Ray Crystallography. Single-crystal X-ray diffraction studies were carried out at the
Purdue University crystallography facility on a Rigaku R-axis curved image plate diffractometer
equipped with a MicroMax002+ high-intensity copper X-ray source with confocal optics. Single
crystals suitable for X-ray diffraction were coated with mineral oil or Fomblin and transferred to
the goniometer head of the instrument. Data were collected at 100 K using Cu radiation Kα
(λ=1.54056 Å), using the dtrek option of CrystalClear. 25 All data sets were processed using
HKL3000 and data were corrected for absorption and scaled using Scalepack.26 The space
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groups were assigned using XPREP from the Shelxtl suite of programs,27 and structures were
solved by direct methods using SHELXS and refined against F2 on all data by full-matrix leastsquares. The graphical user interface ShelXle28 was used for refinement with the SHELXL
program.29 H-atoms attached to carbons were positioned geometrically and constrained to ride
on their parent atoms, with carbon–hydrogen bond distances of 0.95 Å for and aromatic C–H,
1.00, 0.99 and 0.98 Å for aliphatic C–H, CH2 and CH3 moieties, respectively. Methyl H-atoms
were allowed to rotate but not tip to best fit the experimental electron density. Positions of amine
H-atoms were refined. Uiso(H) values were set to a multiple of Ueq(C/N) with 1.5 for CH3, and
1.2 for C–H, CH2 and N–H units, respectively. Experimental details for each crystal are
included in Section 4, X-Ray Diffraction Data.
Complete crystallographic data, in CIF format, have been deposited with the Cambridge
Crystallographic Data Centre. CCDC 1496187–1496189 contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

SQUID Measurements. Solid-state temperature-dependent magnetic data were collected
using a Quantum Design Multi-Property Measurement System (MPMS-7) warmed from 2−300
K and cooled from 300−2 K at 1 T. Field-dependent data were obtained at 2 K from 0−7 T.
Drinking straws were used to contain the samples for measurement and were dried under a
dynamic vacuum overnight before use in an inert atmosphere (N2) drybox. While empty, a straw
was crimped using a hot pair of tweezers to melt it together. The samples were added directly
into the crimped straw and were massed to the nearest 0.1 mg using a calibrated and leveled
Mettler-Toledo AL-204 analytical balance. Approximately 45.0 mg of quartz wool was added to
the straw above the sample to hold it in place. The straw was then crimped above the sample and
quartz wool with hot tweezers to complete the seal. The samples, contained in the sealed
drinking straws for measurement, were transferred to the MPMS under inert atmosphere and
immediately loaded into the inert atmosphere of the measurement chamber with three
evacuation/purge cycles. Corrections for the intrinsic diamagnetism of the samples were made
using Pascal’s constants.30
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2. Synthesis and Characterization of Dinickel Complexes

[i-PrNDI]Ni2(NAr) (2). Under an atmosphere of N2, a 20-mL vial was charged with [iPr

NDI]Ni2(C6H6) (1) (50 mg, 0.069 mmol, 1.0 equiv), 2,6-diphenylphenylazide (19 mg, 0.069

mmol, 1.0 equiv), and C6H6 (8.0 mL). Immediate gas evolution was observed, and the solution
turned green-brown. After allowing the reactants to mix for two minutes, the solvent was
removed under vacuum. The crude solid was washed with pentane (approx. 2 mL) and dried
under vacuum to yield 2 as a dark brown solid (24 mg, 39% yield). Single crystals suitable for
XRD analysis were obtained from concentrated pentane solutions at –30 °C. 1H NMR (298 K,
300 MHz, C6D6) δ 24.00 (s, 6H), 19.47 (s, 2H), 10.32 (d, J = 7.6 Hz, 4H), 9.95 (s, 2H), 9.13 (s,
4H), 8.69 (t, J = 6.5 Hz, 1H), 6.83–6.76 (m, 2H), 6.68 (s, 4H), 5.38 (s, 4H), 5.06 (t, J = 7.6 Hz,
2H), 2.13 (s, 12H), 1.63 (s, 12H), –37.04 (s, 1H). UV–Vis–NIR (C6H6, nm {M–1 cm–1}): 358
{sh}, 489 {4800}, 577 {3100}, 712 {2300}, 794 {2100}, 1043 {2300}, 1379 {1100}. µeff = 1.64
µB (Evans method, 295 K, C6D6 containing TMS). Anal. Calcd for C54H57N5Ni2: C 72.59, H
6.43, N 7.84; found: C 72.62, H 6.40, N 7.65.
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Figure S1. 1H NMR spectrum of 2 in C6D6.

Figure S2. UV–Vis–NIR spectrum of 2 in C6H6 (0.094 mM).
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Figure S3. Variable temperature 1H NMR data for 2 in toluene-d8 (190–370 K).
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Figure S4. Selected 1H NMR peaks for 2 are plotted as a function of temperature (red points),
and each set of points was fit (black lines) to the Boltzmann function for a spin-crossover system
according to the equation shown below.

𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑠ℎ𝑖𝑓𝑡 = 𝑎 +

𝑏
𝑐

𝑑

𝑇 ∗ (1 + 𝑒 (8.314∗𝑇−8.314) )

a = chemical shift for the diamagnetic state
b = fitting constant
c = enthalpy of spin-crossover event in units of J/mol
d = entropy of spin-crossover event in units of J/mol·K

Curve
1
2
3

Adj. R2
0.9999
0.9998
0.9998

a
-0.2 ± 0.3
7.1 ± 0.2
6.91 ± 0.07

b
17900 ± 600
9100 ± 400
2500 ± 100

c
9900 ± 200
10300 ± 400
9600 ± 300

d
30 ± 1
31 ± 2
28 ± 1
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4
5
6

0.9999
0.9998
0.998

6.97 ± 0.02
7.26 ± 0.06
8.5 ± 0.8

1160 ± 30
-2000 ± 100
-33000 ±
1000

11200 ± 200
8900 ± 400
9800 ± 300

34.9 ± 0.9
24 ± 2
30 ± 1

ΔH = 10000 ± 300 J/mol, ΔS = 30 ± 1 J/mol·K, Tc = 330 K

Figure S5. Variable temperature magnetic data for 2 collected between 300 and 2 K at 1 T.31
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Figure S6. Variable field data for 2 collected between 0 and 7 T at 2 K.
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Compound 3. Under an atmosphere of N2, a 20-mL vial was charged with [iPr

NDI]Ni2(C6H6) (1) (20 mg, 0.028 mmol, 1.0 equiv), 2,6-diphenylphenylazide (7.5 mg, 0.028

mmol, 1.0 equiv.), and C6H6 (8.0 mL). Immediate gas evolution was observed, and the solution
turned green-brown. After allowing the reactants to mix for two minutes, t-BuNC was added (3
µL in 100 µL of C6H6, 0.028 mmol, 1.0 equiv), causing an immediate color change to brown.
The solution was lyophilized to obtain 3 as a dark brown solid (25 mg, 92 % yield). Single
crystals suitable for X-ray diffraction analysis were obtained from concentrated pentane
solutions at –30 °C. 1H NMR (298 K, 600 MHz, C6D6) δ 9.26 (s, 1H), 8.84 (d, J = 6.7 Hz, 1H),
8.65 (d, J = 7.4 Hz, 1H), 8.60 (s, 2H), 8.28–8.23 (m, 2H), 7.68 (t, J = 7.1 Hz, 2H), 7.61 (d, J =
7.4 Hz, 1H), 7.51 (d, J = 7.7 Hz, 1H), 7.36 (t, J = 7.4 Hz, 1H), 6.93 (t, J = 7.7 Hz, 1H), 6.76 (d, J
= 7.7 Hz, 1H), 6.63 (t, J = 7.1 Hz, 1H), 6.04 (d, J = 7.6 Hz, 1H), 5.91 (t, J = 6.9 Hz, 1H), 5.79 (t,
J = 7.6 Hz, 1H), 5.56 (s, 1H), 4.34 (hept, J = 7.1 Hz, 2H), 4.16 (h, J = 6.8 Hz, 1H), 4.07 (s, 3H),
3.12 (hept, J = 6.5 Hz, 1H), 1.78 (d, J = 6.3 Hz, 3H), 1.62 (d, J = 5.7 Hz, 3H), 1.56 (s, 3H), 1.42
(s, 3H), 1.09 (d, J = 6.6 Hz, 3H), 0.98 (d, J = 6.0 Hz, 3H), 0.79–0.76 (m, 3H), 0.60 (d, J = 6.1
Hz, 3H), 0.36 (s, 9H), –2.18 (d, J = 6.2 Hz, 3H), –5.73 (s, 1H), –9.62 (s, 1H), –13.11 (s, 1H).
C{1H} NMR (500 MHz, C6D6) δ 143.0, 137.2, 137.0, 136.1, 133.1, 129.9, 129.6, 128.6, 128.4,

13

126.3, 125.9, 124.8, 122.4, 121.9, 121.0, 117.4, 111.9, 65.3, 29.9, 27.7, 27.6, 27.3, 25.9, 25.3,
24.8, 24.8, 24.3, 23.8, 23.4, 23.2, 22.8, 22.1, 14.3, 11.5. No detectable solution magnetic moment
(Evans method, 295 K, C6D6 containing TMS). UV–Vis–NIR (C6H6, nm {M–1 cm–1}): 276 {sh},
334 {sh}, 445 {12300}, 501 {8700}, 558 {6500}, 845 {3400}, 1162 {8600}, 1382 {3600}.
Anal. calcd for C59H66N6Ni2: C 74.02, H 6.88, N 7.97; found: C 74.43, H 6.80, N 7.73.
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Figure S7. 1H NMR spectrum of 3 in C6D6.

Figure S8. 13C{1H} NMR spectrum of 3 in C6D6.
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Figure S9. UV–Vis–NIR spectrum of 3 in C6D6 (0.0410 mM).
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Figure S10. Variable temperature 1H NMR data for 3 in toluene-d8 (190–370 K).
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Figure S11. Selected 1H NMR peaks for 3 are plotted as a function of temperature (red points),
and each set of points was fit (black lines) to the Boltzmann function for a spin-crossover system
according to the equation shown below.

𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑠ℎ𝑖𝑓𝑡 = 𝑎 +

𝑏
𝑐

𝑑

𝑇 ∗ (1 + 𝑒 (8.314∗𝑇−8.314) )

a = chemical shift for the diamagnetic state
b = fitting constant
c = enthalpy of spin-crossover event in units of J/mol
d = entropy of spin-crossover event in units of J/mol·K
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Curve

Adj. R2

a

B

c

d

1

0.99993

1.82 ± 0.02

7600 ± 500

14800 ± 200

32 ± 1

2

0.99993

0.02 ± 0.01

-5600 ± 200

15800 ± 200

38 ± 1

3

0.99991

0.697 ± 0.07

-20000 ± 1000

15100 ± 300

33 ± 1

4

0.99993

0.30 ± 0.07

-33000 ± 2000

15500 ± 200

34 ± 1

5

0.99993

-0.64 ± 0.08

-397000 ± 2000

15500 ± 200

34 ± 1

ΔH = 15300 ± 200 J/mol, ΔS = 34 ± 1 J/mol·K, Tc = 450 K
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Compound 4. Under an atmosphere of N2, a 20-mL vial was charged Ni(bpy)COD (25.0 mg,
0.077 mmol, 1.0 equiv), m-terphenylazide (21.0 mg, 0.077 mmol, 1.0 equiv.), and THF (10.0
mL). Immediate gas evolution was observed, and the solution turned from purple to brown. The
solvent was removed by vacuum, and the resulting solid was washed with pentane (10 mL),
yielding 4 (28.9 mg, 82% yield). Single crystals suitable for X-ray diffraction analysis were
obtained by diffusion of Et2O vapor into concentrated THF solutions of 4 at –30 °C. µeff = 1.86
µB (Evans method, 295 K, THF-d8). 1H NMR (600 MHz, C6D6) δ 13.06 (s, 4H), 11.70 (s, 4H),
8.50 (s, 8H), 8.08 (s, 4H), 7.50 (s, 8H), 7.42 (s, 4H), 7.08 (s, 4H), 6.38 (s, 4H), 0.48 (s, 2H). UV–
Vis–NIR (C6H6, nm {M–1 cm–1}): 436 {sh}, 493 {sh}, 751 {sh}, 1037 {2800}. Complex 4
decomposes in the solid state, preventing the collection of elemental analysis data.
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Figure S12. 1H NMR spectrum of 4 in C6D6.
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Figure S13. UV–Vis–NIR spectrum of 4 in C6D6 (0.174 mM).
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200
3. Reactivity Studies of Complexes 3 and 4.

Reaction of complex 3 with excess t-BuNC. Under an atmosphere of N2, a J-Young NMR
tube was charged with 3 (9.3 mg, 0.0095 mmol, 1.0 equiv), t-BuNC (11 µL, 0.097 mmol, 10
equiv), 1,3,5-trimethoxybenzene (1.7 mg, 0.010 mmol) as an internal standard, and C6D6 (800
µL). The reaction immediately yields the free NDI ligand and 6, which tautomerized within 1 h
to 7 (90% yield by 1H NMR integration). The phenanthridine 7 was isolated following
purification by column chromatography (SiO2, 0–3% EtOAc in CH2Cl2). 1H NMR (500 MHz,
C6D6) δ 8.28 (dd, J = 8.3, 1.3 Hz, 1H), 8.21 (dd, J = 8.4, 1.5 Hz, 1H), 7.71 (dd, J = 8.1, 1.3 Hz,
2H), 7.63 (dd, J = 7.2, 1.5 Hz, 1H), 7.43–7.34 (m, 3H), 7.32–7.24 (m, 3H), 4.87 (s, 1H), 1.33 (s,
9H). 13C{1H} NMR (500 MHz, C6D6) δ 151.7, 143.3, 142.6, 134.0, 134.6, 131.4, 130.3, 129.7,
127.7, 126.8, 126.6, 123.4, 122.2, 121.8, 121.1, 119.7, 29.1. ESI-MS: m/z calc for C23H22N2:
327.1861; found: 327.1853.
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Figure S14. 1H NMR of 7 (500 MHz, C6D6).

Figure S15. 13C{1H} NMR of 7 (500 MHz, C6D6).
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Figure S16. FT-IR spectrum of 7.

Figure S17. 1H NMR spectra of the initial reaction mixture after the addition of excess t-BuNC
to 3 (bottom), and the same mixture after 1 h (top).
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Thermolysis of 3. Under an atmosphere of N2, a J-Young NMR tube was charged with
complex 3 (9.9 mg, 0.010 mmol, 1.0 equiv), 1,3,5-trimethoxybenzene as an internal standard (2.0
mg, 0.012 mmol), and C6D6 (800 µL). The solution was heated at 80 °C, and the reaction was
monitored by 1H NMR spectroscopy. Full conversion of 3 was observed after 5 days, yielding a
mixture of 7, 8, and 1 in 34%, 38%, and 43% yields respectively. The same procedure was
repeated at 110 °C for 20 h, yielding a mixture of 7, 8, and 1 in 23%, 49%, and 9% yields
respectively.
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Figure S18. 1H NMR spectrum (600 MHz, C6D6) of the crude reaction mixture of 3 heated at
80 °C for 5 days: black squares, red circles, and blue triangles are assigned to 7, 8, and 1
respectively.
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Formation of Complex 9. Under an atmosphere of N2 a J-Young tube was charged with [iPr

NDI]Ni2(C6H6) (1) (13.5 mg, 0.0185 mmol, 1.0 equiv), m-terphenylazide (5.0 mg, 0.0185

mmol, 1.0 equiv), and C6D6 (600 µL). The components were allowed to react for 1 min to form
2, and pyridine (100 µL of a 75 mM stock solution in C6D6, 0.075 mmol, 4.0 equiv) was added.
After 1 h, 1H NMR monitoring indicated the complete conversion to 9. Complex 9 can be
characterized spectroscopically in solution, but attempts to concentrate and isolate it in the solid
state led to extensive decomposition. 1H NMR (300 MHz, C6D6) δ 9.08 (d, J = 7.2 Hz, 2H), 8.70
(bs, 8H), 8.12 (d, J = 7.1 Hz, 1H), 7.98 (t, J = 7.4 Hz, 2H), 7.65 (d, J = 7.7 Hz, 1H), 7.62 – 7.52
(m, 2H), 7.20 – 6.92 (m, 15H), 6.88 (d, J = 7.6 Hz, 2H), 6.79 (bs, 10H), 6.33 (t, J = 7.3 Hz, 2H),
6.20 (t, J = 7.2 Hz, 2H), 6.04 (d, J = 7.8 Hz, 1H), 5.98 (t, J = 7.6 Hz, 1H), 5.88 (d, J = 7.6 Hz,
1H), 5.72 (t, J = 7.6 Hz, 1H), 4.59 – 4.43 (m, 1H), 4.43 – 4.34 (m, 1H), 4.29 (s, 1H), 2.40 (s,
3H), 1.92 (d, J = 6.6 Hz, 3H), 1.41 (d, J = 6.0 Hz, 3H), 1.30 (d, J = 5.6 Hz, 3H), 1.18 (t, J = 6.2
Hz, 6H), 1.12 (s, 6H), 0.82 (d, J = 6.2 Hz, 6H), 0.50 (d, J = 6.4 Hz, 3H), 0.41 (s, 1H), -1.48 (s,
1H), -1.63 (s, 1H), -1.90 (s, 3H). Excess pyridine (8.75 and 6.75 ppm) overlapped with some
peaks in the spectrum, preventing their assignment. 13C{1H} NMR (126 MHz, C6D6) δ 160.53,
158.75, 158.06, 149.70, 149.14, 146.88, 141.06, 138.78, 137.48, 135.56, 134.53, 132.42, 132.03,
131.31, 130.34, 129.25, 128.43, 128.21, 127.97, 127.78, 127.59, 125.61, 125.26, 124.53, 122.11,
121.83, 120.92, 119.50, 117.13, 114.68, 27.64, 27.31, 26.91, 25.81, 25.31, 24.54, 24.25, 24.21,
24.02, 23.56, 21.49, 13.15.
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Figure S19. 1H NMR spectrum of 9 in C6D6.

Figure S20. 13C{1H} NMR spectrum of 9 in C6D6.

207

Figure S21. COSY spectrum of 9 in C6D6.
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Figure S22. Overlay of the UV–Vis spectra for 9 (top, black) and 3 (bottom, red).
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Thermolysis of complex 9. Under an atmosphere of N2 a vial was charged with [iPr

NDI]Ni2(C6H6) (20 mg, 0.028 mmol, 1 equiv), m-terphenylazide (7.5 mg, 0.028 mmol, 1

equiv), pyridine (25 µL, 0.31 mmol, 11 equiv), and C6H6 (10 mL). The components were
allowed to react overnight, and the solvent and excess pyridine were removed by vacuum. The
resulting material was then re-dissolved in C6D6 (800 µL) containing 2,4,6-trimethoxybenzene
(3.3 mg) as an internal standard. The mixture was transferred to a J-Young NMR tube. The
reaction was then heated to 80 °C for 10 d. After cooling to room temperature, the mixture was
filtered through a celite pad. The filtrate was analyzed by 1H NMR spectroscopy, and the amount
of carbazole product 8 was quantified by integration (87% yield). The same procedure was
repeated at 110 °C for 24 h, forming 8 in 89% yield.
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Figure S23. 1H NMR spectrum (600 MHz, C6D6) of the crude reaction mixture of 9 heated at
80 °C: red circles are assigned to 8.
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Synthesis of m-terphenylazide-d5. Procedure adapted from Stokes, B. J.; Richert, K. J.;
Driver, T. G. J. Org. Chem. 2009, 74, 6442. Under an atmosphere of N2, a Schlenk tube was
charged Pd(PPh3)4 (200 mg, 0.173 mmol, 0.1 equiv), 2-bromo-6-phenylaniline (427 mg, 1.72
mmol, 1.0 equiv), phenyl-d5 boronic acid (284 mg, 2.24 mmol, 1.3 equiv), and toluene (25 mL).
After stirring for 15 minutes, a 2:1 mixture of H2O/EtOH was added (26 mL) along with K2CO3
(951 mg, 6.88 mmol, 4 equiv). The solution was degassed by the freeze-pump-thaw procedure,
and the sealed reaction vessel was heated at 95 °C for 16 h. After cooling to room temperature,
the reaction mixture was quenched with 40 mL of sat. NH4Cl (aq), and the aqueous phase was
extracted with CH2Cl2 (40 mL). The organic phase was washed with water (40 mL) then sat.
NaHCO3 (aq, 30 mL), dried over MgSO4, and filtered. The solvent was removed under reduced
pressure, and the unpurified material was carried forward. 1H NMR (600 MHz, C6D6) δ 7.45 (d,
J = 7.1 Hz, 2H), 7.39 (td, J = 7.5, 1.7 Hz, 1H), 7.19 (t, J = 6.9 Hz, 2H), 7.13 (d, J = 7.5 Hz, 2H),
6.83 (t, J = 7.5 Hz, 1H).
Procedure adapted from Barral, K.B.; Moorhouse, A.D.; Moses, J. E.; Org. Lett. 2007, 9,
1809. To a stirring solution of 2,6-diphenylaniline-d5 (269 mg, 1.1 mmol, 1.0 equiv) in CH3CN
(10 mL) at 0 °C was added tert-butyl nitrite (190 µL, 1.6 mmol, 1.5 equiv). Azidotrimethylsilane
(170 µL, 1.3 mmol, 1.2 equiv) was then added dropwise over 5 min. Following the addition, the
solution was allowed to warm to room temperature, and the reaction was stirred for 1 h. The
solvent was removed under reduced pressure. The crude material was purified by column
chromatography (0 to 5% EtOAc in hexanes) to afford m-terphenylazide-d5 as a white solid (270
mg, 91 % yield). 1H NMR (600 MHz, C6D6) δ 7.39 (d, J = 8.5 Hz, 2H), 7.20 (t, J = 8.4, 7.0 Hz,
2H), 7.13 (t, J = 7.5 Hz, 1H), 7.10 (d, J = 7.6 Hz, 2H), 6.94 (t, J = 7.6 Hz, 1H). 13C{1H} NMR
(126 MHz, C6D6) δ 139.03, 138.83, 137.21, 137.16, 135.19, 130.78, 129.75, 129.31 (t, J = 25.2
Hz), 128.67, 128.16 (t, J = 25.2 Hz), 127.39 (t, J = 24.2 Hz), 125.84.
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Figure S24. 1H NMR spectrum of m-terphenylazide-d5 in C6D6.

Figure S25. 13C{1H} NMR spectrum of m-terphenylazide-d5 in C6D6.
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C–H Activation Kinetic Isotope Effect Experiments. Under an atmosphere of N2 a vial
was charged with [i-PrNDI]Ni2(C6H6) (1) (10 mg, 0.014 mmol, 1.0 equiv), m-terphenylazide-d5
(3.8 mg, 0.014 mmol, 1.0 equiv), and C6D6 (700 µL). The components were allowed to react for
1 min to allow for the generation of the imido complex (2-d5). A solution of t-BuNC (16 µL in 1
mL total volume of C6D6) was added. The ratio of isotopomers was determined by 1H NMR
spectroscopy, yielding a kH/kD value of 5.1.

Figure S26 1H NMR spectrum of 2 (top) and 2-d5 (bottom) highlighting the region containing
deuterium-labeled protons.
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Figure S27 1H NMR spectrum of 3 (top) and 3-d5 (bottom), highlighting regions containing
deuterium-labeled protons.
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Catalytic carbazole formation and kinetic isotope effect experiment. Under an
atmosphere of N2, a J-Young NMR tube was charged with [i-PrNDI]Ni2(C6H6) (2.0 mg, 0.0027
mmol, 20 mol%), m-terphenylazide (3.7 mg, 0.014 mmol, 1.0 equiv), and toluene-d8 (800 µL),
along with 1,3,5-trimethoxybenzene (1.2 mg, 0.0071 mmol) as an internal standard. The
solution was then heated to 110 °C for 24 hours. The yield of carbazole formed in the reaction
was 49%. The reaction was also performed with m-terphenylazide-d5, and a kinetic isotope effect
of kH/kD = 4.5 was determined by 1H NMR integration of the two isotopomers.

Figure S28 1H NMR spectrum of 8 (top) and the catalytic C–(sp2)H amination of mterphenylazide-d5 (bottom).
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Reaction of compound 4 with t-BuNC. Under an atmosphere of N2, a 20-mL vial was
charged Ni(bpy)COD (10.0 mg, 0.031 mmol, 1.0 equiv), m-terphenylazide (8.4 mg, 0.031 mmol,
1.0 equiv.), C6D6 (1.0 mL), and 1,3,5-trimethoxybenzene (5.0 mg, 0.030 mmol) as an internal
standard. Immediate gas evolution was observed, and the solution turned from purple to brown.
1

H NMR spectroscopy confirmed the formation of 4. t-BuNC (3.5 µL, 0.031 mmol, 1 equiv) was

added, resulting in the formation of free bipyridine (17% yield) and carbodiimide 5 (20% yield).
The remainder of the mass balance was recovered 4 (76%) and a mixture of Nix(t-BuNC)y
species. Additional t-BuNC (9.0 equiv) was added to achieve full conversion of 4, generating the
carbodiimide 5 in 91% yield.

Figure S29 1H NMR spectrum of the reaction of 4 with 10 equiv t-BuNC.

4. X-Ray Diffraction Data
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Compound 2

Crystal data
Chemical formula

C113H126N10Ni4

Mr

1859.07

Crystal system, space group

Monoclinic, C2/c

Temperature (K)

100

a, b, c (Å)

35.4958 (6), 10.4634 (2), 27.0104 (4)

(°)

105.852 (1)

V (Å3)

9650.3 (3)

Z

4

Radiation type

Cu K

(mm-1)
Crystal size (mm)

1.29
0.18 × 0.17 × 0.03

Data collection
Diffractometer

Rigaku Rapid II curved image plate
diffractometer

Absorption correction

Multi-scan
SCALEPACK (Otwinowski & Minor, 1997)

Tmin, Tmax

0.576, 0.962

No. of measured, independent and

16551, 9087, 7690

observed [I > 2 (I)] reflections
Rint
(sin

0.046
/ )max (Å-1)

Refinement

0.621
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R[F2 > 2 (F2)], wR(F2), S

0.054, 0.156, 1.13

No. of reflections

9087

No. of parameters

599

No. of restraints

30

H-atom treatment

H-atom parameters constrained
w = 1/[

2

(Fo2) + (0.0581P)2 + 36.1379P]

where P = (Fo2 + 2Fc2)/3
max,

min

(e Å-3)

0.42, -0.64

219

Compound 3

Crystal data
Chemical formula

C251H300N24Ni8

Mr

4122.81

Crystal system, space group

Triclinic, P¯1

Temperature (K)

100

a, b, c (Å)

15.193 (3), 18.707 (4), 20.268 (4)

,

,

(°)

88.88 (3), 81.07 (3), 73.07 (3)

V (Å3)

5442 (2)

Z

1

Radiation type

Cu K

-1

(mm )

1.19

Crystal size (mm)

0.22 × 0.18 × 0.04

Data collection
Diffractometer

Rigaku Rapid II curved image plate
diffractometer

Absorption correction

Multi-scan
SCALEPACK (Otwinowski & Minor, 1997)

Tmin, Tmax

0.67, 1

No. of measured, independent and

102648, 102648, 68004

observed [I > 2 (I)] reflections
Rint
(sin

*
-1

/ )max (Å )

Refinement

0.618
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R[F2 > 2 (F2)], wR(F2), S

0.104, 0.310, 1.03

No. of reflections

102648

No. of parameters

1382

No. of restraints

172

H-atom treatment

H atoms treated by a mixture of independent and
constrained refinement
w = 1/[

2

(Fo2) + (0.1016P)2 + 55.6048P]

where P = (Fo2 + 2Fc2)/3
max,

min (e Å-3)

1.45, -1.22

* Crystals of 3 were found to be non-merohedrically twinned. HKL3000 lacks the ability to
simultaneously integrate more than one twin domain. Rigaku programs compatible with the
diffractometer (twinsolve) gave unsatisfactory results. With no usable data set obtainable through
simultaneous integration of both twin domains, the data were instead handled as if not twinned,
with only the major domain integrated, and converted into an hklf 5 type format hkl file after
integration using the "Make HKLF5 File" routine as implemented in WinGX.32

The twin law and matrix were obtained using the program ROTAX as implemented in WinGX.
The twin operation was identified as a 180 degree rotation around 0 0 1, the twin matrix as -1 0
0, 0 -1 0, -0.436 0.061 1.

The Overlap R1 and R2 values in the "Make HKLF5 File" routine used were 0.14, i.e. reflections
with a discriminator function less or equal to overlap radius of 0.14 were counted overlapped, all
others as single. The discriminator function used was the "delta function on index nonintegrality". No reflections were omitted.

The structure was solved using direct methods with all reflections of component 1. The structure
was refined using the hklf 5 routine with all reflections of component 1 (including the
overlapping ones) as obtained from WinGX, resulting in a BASF value of 0.34363.

No Rint value is obtainable for the hklf 5 type file using the WinGX routine.
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Compound 4
Crystal data
Chemical formula

C56H42N6Ni2·2(C4H8O)

Mr

1060.41

Crystal system, space group

Monoclinic, P21/n

Temperature (K)

100

a, b, c (Å)

17.6301 (10), 15.9308 (7), 18.3877 (10)

(°)

90.7897 (18)

V (Å3)

5163.9 (5)

Z

4

Radiation type

Mo K

(mm-1)
Crystal size (mm)

0.78
0.38 × 0.20 × 0.19

Data collection
Diffractometer

Bruker AXS D8 Quest CMOS
diffractometer

Absorption correction

Multi-scan
SADABS 2016/2: Krause, L., Herbst-Irmer, R.,
Sheldrick G.M. & Stalke D., J. Appl. Cryst. 48
(2015) 3-10

Tmin, Tmax

0.612, 0.746

No. of measured, independent and

65296, 15725, 11996

observed [I > 2 (I)] reflections
Rint

0.045
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(sin

/ )max (Å-1)

0.716

Refinement
R[F2 > 2 (F2)], wR(F2), S

0.051, 0.114, 1.03

No. of reflections

15725

No. of parameters

806

No. of restraints

601

H-atom treatment

H-atom parameters constrained
w = 1/[

2

(Fo2) + (0.0092P)2 + 14.1251P]

where P = (Fo2 + 2Fc2)/3
max,

min

(e Å-3)

1.05, -0.97

*Two solvate THF molecules were refined as disordered, one over two orientations, the second
over three. All five THF moieties were restrained to have similar geometries, and Uij
components of ADPs were restrained to
be similar for atoms closer to each other than 1.7 Angstrom. Subject to these conditions the
occupancy rates refined to 0.610(11) to 0.390(11) for the molecule of O1, and to 0.469(6)
0.237(6) and 0.293(6) for that of O2.
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Comparison of bond metrics in napthyridine diimine-containing compounds.

Comp
1
2
3

Ni–Ni
2.496(1)
2.3415(9)
3.041(2)

Cimine–N
1.332(6)
1.335(3)
1.35(1)

1.335(5)
1.327(4)
1.31(1)

Avg.
1.334
1.331
1.33

Cipso–Cimine
1.413(6) 1.335(5)
1.431(4) 1.440(4)
1.40(1)
1.45(1)

Avg.
1.374
1.436
1.43

Cipso–N
1.405(7)
1.382(4)
1.42(1)

1.400(6)
1.382(4)
1.41(1)

Avg.
1.403
1.382
1.42
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5. DFT Calculations and Optimized Structures

Comparison of calculated NBO charges.

Compound
1
2-Singlet
2-Triplet
3-Singlet
3-Triplet

NDI Charge
-0.96315
-0.83165
-0.75685
-0.88998
-0.78551

Ni2 Charge
1.3464
1.55365
1.49081
1.56226
1.52142

Ligand(s) Charge
-0.38321
-0.72202
-0.73399
-0.67231
-0.73592

Computational Methods. Geometry optimizations were performed using the Gaussian09
software package.33 All geometries were fully optimized at the BP86/6-31G(d,p) level of DFT.
Stationary points were verified by frequency analysis.
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